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SUMMARY

A conformal-mapping method for the design of airfoils with prescribed

velocity-distribution characteristics, a panel method for the analysis of the

potential flow about given airfoils, and a boundary-layer method have been com-

bined. With this combined method, airfoils with prescribed boundary-layer char-

acteristics can be designed and airfoils with prescribed shapes can be analyzed.

All three methods are described briefly.

A FORTP3hN IV computer program for the numerical evaluation of these methods

is available through COSMIC. The program and its input options are described in

detail. A complete listing is given as an appendix.

INTRODUCTION

The flow about an airfoil in free air can be described approximately by a

boundary-layer flow near the surface of the airfoil and by a potential flow

everywhere else. Boundary-layer theory can be applied to the flow about an air-

foil in two ways. First, the boundary-layer development can be determined for a

given potential-flow velocity distribution. This is the direct or analysis

problem. Second, _he potential-flow field, or at least some of its properties,

can be dete_--mined for a given boundary-layer development. This is the inverse

or design problem. This second application of boundary-layer theory requires

the solution of the inverse potential-flow problem where the potential-flow

velocity distribution is specified and the airfoil shape is computed. Thus, the

viscous airfoil design (inverse) problem can be described as the computation of

a shape from a potential-flow velocity distribution which is consistent with a

desired boundary-layer development. The first application of this inverse pro-

cedure has been described in references 1 and 2. Because Tollmien, Schlichting,

Ulrich, Pretsch, and others (see ref. 3) had shown that favorable pressure

gradients delay the transition from laminar to turbulent flow, airfoils were

designed with aft pressure recoveries. The experimental results for these air-

foils confirmed _%e theoretical predictions. This breakthrough led to the

laminar-flow airfoil series.

Since that time, boundary-layer and potential-flow theories have been

steadily improved. These theories have been used increasingly to supplement

wind-tunnel tests. Today, computing costs are so low that a complete potential-

flow and boundary-layer analysis of an airfoil costs considerably less than

1 percent of the equivalent wind-tunnel test.

Different computer programs have been developed for low-speed (incom-

pressible) airfoils. (For example, see ref. 4.) The present paper describes

one of these programs. The potential-flow inverse problem still plays a major

role in airfoil design. This problem has been solved exactly by means of con-

formal mapping as shown in reference 5. The method is similar to that of

_I _ " • •
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Lighthill (ref. 6), is direct, and solves most multipoint design problems in a I

very simple manner. A potential-flow analysis method is also required for com- I

parison with wind-tunnel tests of given airfoils and for analyses of airfoils

generated by the design method and then modified by a flap deflection. The a_r-

foil _nalysis problem is solved using a distributed surface-singularity method i

similar to those described in references 4 and 7. Some of the details of this i
method are new and previously unpublished. The botundary-layer method, which _ I

uses integral momentum and energy equations, is described in reference 8. The I

present method does not contain a boundary-layer displacement iteration. The f
program is very efficient and has been successfully applied at Reynolds numbers i

from 2.0 × 10 4 to 1.0 × 10 8 . (See ref. 9 for example.) I-

The second part of this paper is a user's guide for the computer program.

The input is described in detail, and an overview of the program structure and :

subroutines is given. A complete listing is contained in the appendix.

Use of trade names or names of manufacturers in this report does not consti-

tute an official endorsement of such products or manufacturers, either expressed

or i_lied, by the National Aeronautics and Space Administration.

AR

am,b m

CD, i

CD,p

' C_

Cf

C L

Cp

c

c*

cd

cf

SYMBOLS

Values are given in SI Units.

parasite-drag area, m 2

aspect ratio

power-series coefficients

induced-drag coefficient

parasite-drag coefficient

boundary-layer dissipation coefficient

boundary-layer skin-friction coefficient

lift coefficient

pressure coefficient

airfoil chord, m

reference airfoil chord, m

section profile-drag coefficient

flap chord, m
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ICz
I

'Cl,ns
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%

_D_

F

g

gl

ig2

HI2

HI2

H32

I a

K

KH

<H

'<R

i

I

I
I

iI
1

section hinge-moment coefficient about flap-hinge point

section lift coefficient

,-section lift coefficient without correction due to separation

section pitching-moment coefficient about quarter-chord point

dissipation function for laminar boundary layer

complex potential function

acceleration due to gravity, m/s 2

slope of panel at beginning of panel

slope of panel at end of panel

boundary-layer shape factor, _i/_2

modified boundary-layer shape factor for calculation of section

profile-drag coefficient

boundary-layer shape factor, _3/_2

tonal number of airfoil segments

constant in upper-surface pressure-recovery function

constant in lower-surface pressure-recovery function

exponent of upper-surface closure contribution

exponent of lower-surface closure contribution

desired value of KS

sum of exponents of upper- and lower-surface closure contributions,

KH+_H

tolerance on achievement of K R

length, m

variable number

number of points on _ unit circle

number of subpanels in one panel



nq

P

Q

R

r

S

S*

s

Ssep

sT

Sturb

t

t*

U

U'

U

u

V

Vmax

V 1

v

v*

v o

4

number of points on airfoil, n c + 1

dz ln(1- _') on circle eiO; pointreal part of in _ -.

conjugate harmonic function of P(_)

Reynolds number based on free-stream conditions and airfoil chord

Reynolds number based on local conditions and boundary-layer momentum

thickne s s

roughness factor

wing area, m 2

reference wing area, m 2

source distribution; arc length along airfoil surface, m

arc length along which boundary layer is separated, m

arc length for transition from forward portion of airfoil to flap, m

arc length along which boundary layer is turbulent including Sse P, m

airfoil thickness, m

reference airfoil thickness, m

potential-flow velocity, m/s

dU -I

= _, s

free-stream velocity, m/s

x-component of boundary-layer velocity, m/s

aircraft speed, m/s

maximum aircraft speed, m/s

aircraft speed for C L - I, m/s

absolute value of complex velocity; local velocity on airfoil, m/s

local velocity on airfoil for velocity specification in design

method, m/s

normal velocity at surface in boundary-layer method, m/s
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W*

w

L

w

,w

w t

w n

W_

i s

ix

,x s

xm

Y

Z

Cl C

CZ.
1

l,le

F

iTi

_j

aircraft mass, kg

reference aircraft mass, kg

pressure-recovery function

-i8
complex velocity, ve

vector of velocity induced by panel at point (_,n)

tangential component of velocity induced by panel at end of panel

n-component of w

_-component of w

airfoil abscissa, m; axis in streamwise direction, tangential to

surface in boundary-layer method

chord location of beginning of closure-contribution region, m

chord location of transition, m

chord location of beginning of main pressure-recovery region, m

airfoil ordinate, m; axis normal to surface in boundary-layer method

complex variable, x + iy

angle of attack relative to zero-lift line, deg

angle of attack relative to zero-lift line for velocity specification

in design method, deg

angle of attack relative to chord line, deg

e* for ith segment of _ circle or airfoil, deg

u* for last segment of upper surface, deg

angle of zero lift, deg

inner normal angle, rad

circulation

vorticity

vorticity at beginning of panel

vorticity at end of panel



Yp

_c Z

A_

6

6_

61

2

!

g2

6 3

!

g3

n

)t*

7,*

ta

parabolic-vorticity factor

incremental change in quantity

section lift-coefficient correction due to separation

angle-of-attack correction due to separation, deg

2w
angle between points on _ unit circle, --

n C

slope of airfoil surface near trailing edge, rad

flap deflection, positive downward, deg

boundary-layer displacement thickness

boundary-layer momentum thickness

d_ 2

dx

boundary-layer energy thickness

d_ 3

dx

skin-friction function for laminar boundary layer

complex variable

panel ordinate

argument of complex velocity; twist angle, deg

_w

_s
m

A_

exponent of upper-surface main pressure recovery

exponent of lower-surface main pressure recovery

kinematic viscosity, m2/s
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Vi,le

P

T

To

T1

T2

¢Ia

¢i,le

Cs

*w

0

w

w I

oo

¢i

a_

¢i,le

panel abscissa

air density, kg/m 3

panel length

shear stress, kg/m's 2

skin friction, kg/m- s2

angle between _-axis and line from beginning of panel to

point (_,_), rad

angle between _-axis and line from end of panel to point (_,._), rad

argument of

arc limit of lower-surface trailing edge

arc limit on _ unit circle

arc limit of leading edge

arc limit of beginning of upper-surface closure-contribution region

arc limit of beginning of lower-surface closure-contribution region

arc limit of beginning of upper-surface main pressure-recovery region

arc limit of beginning of lower-surface main pressure-recovery region

integration variable

total amount of upper-surface main pressure recovery

total amount of lower-surface main pressure recovery

initial slope of upper-surface main pressure recove.-_

initial slope of lower-surface main pressure recovery

infinity



Subscripts :

h

i,j

le

lim

is

max

min

sep

te

us

hinge

index; 1,2,3,..., _

leading edge

limit

lower surface

maximum

minimum

separation

trailing edge

upper surface

THEORY

POTENTIAL-FLOW AIRFOIL DESIGN METHOD

Conformal-Mapping Algorithm

The airfoil design method is based on conformal mapping as are several

other methods. (For example, see ref. 6.) In the complex _-plane, the unit

circle is in an infinite flow of velocity 1 at an angle of attack _. (See

fig. i.) If the rear stagnation point is at _ = i, the complex potential of

the flow is

F(_) - e-i_ + ei_ -I F
- 2--_In

dF -i_
m s e

d_
ei_- 2 F _-l

_ -

} (I)

%y substituting F = 47 sin a where F is the circulation, dF/d_ can be

written

d_[F= (i - _-i)(e-i_ + eie_-l)
d_

i

l
(2):

l



This flow is conformally mapped into the z-plane by a complex function z(_)

, such that

z(=) : _ and <d_l_ : I

i This means that the _ unit circle, as mapped into the z-plane, is also in an

i infinite flow of velocity 1 at an angle of attack _, just as it was in the_-plane. The conjugated complex velocity vector w in the z-plane is

(3)

= re-i@ = dF = dF/d_ (4)
dz dz/d_

where v is the absolute value of the complex velocity and 8

The function dF/d_ is known from equation (I).

is its argument.
J

The mathematical problem is to determine the function z(_) such that the

velocity v is a prescribed function on the airfoil. This function is not

specified in x but rather on the circle _ = e i_ as v(¢). The variables x

and O are related by

x = 2(1 + cos _)
(5)

where c is the airfoil chord. This approximation is only exact for a flat

plate, and it becomes less accurate as thickness and camber increase. If the

resulting function x(_) differs too much from equation (5), an iteration can

be performed after specifying a new function v(_(x)). This iteration, however,

has not been required in the practical application of the method.

If v(_) is given, the mathematical design problem can be solved by taking

the logarithm of equation (4)

dF d_Kz
in w = in v - i@ = in _- In d_

(6)

dz

At the boundary _ = e i¢, the real part of in _ is known because v(_)
dF dz

and _ are known. Thus, the function _ which maps the circle into the

J airfoil can be determined from fundamental complex-variable theory. The prob-

J lems which remain are to derive an algorithm for numerical evaluation and to
introduce v(_) in such a manner that practical design problems can be solved

!easily.



dz
The algorithm is based upon the introduction of in _ in the form

a%

OO

dzio(i 7in

m=0

(a m + ibm) _-m

This form has the advantage that the power series does not have an infinite

value at any point on the boundary _ = ei%. Use of equation (6) allows the

function In _ - in 1 - along the boundary _ = e i_ to be written as

(7)

1)3 = P($) + iQ($)in 1 - [ _"ale

in --

= -in v(_) + i8 + d_ _=ei _

- In(l - e-i_)

(8)

Use of equations (2) and (7) enables the real part of equation (8) to be
evaluated as

00

m=0

Thus, the coefficients am and bm of equation (7) can be determined in the
same manner as coefficients of a real Fourier series For the final procedure,

these coefficients need not be computed. Only the conjugate harmonic function

Q(_) is required. It is determined by
i

7 i(bm cos m_ - am sin m@) = Q(_) _ _ P(_) cot _ d_ (i0) ,2
m=0

By inserting equation (9) into equation (8), it follows that

i0

in/\dr_--__| ,_ -in

ei_

v(_)
+ iQ + in(l - e-i_)

= in
v(¢) + iQ + in(2ie -i_/2 sin 2_ )



Or

0 i<0 )
-- v--_e

/

For d_ = ie i¢ d_, this yields

e 1dz = iei_/dz h =
\_/ei_ -4 sin _Icos (_ - ) v--_ e

Splitting this equation into real and imaginary parts results directly in

and

d-_ = -4 sin cos _- c_ cos + Q(_

dY = -4 sin _ c°s (_ - _)Iv(_ sin [2@--+Q(_)_d_

(ii)

(12)

If Q(_) is determined, the airfoil coordinates x(_) and y(¢) can be com-

puted by simple quadrature.

As in every inverse method, the velocity distribution v(¢) is not com-

pletely arbitrary. At infinity, equations (3) must be satisfied. This requires

that the coefficient of _0 in dz/d_ from the expansion of equaticn (7) be

equal to i. Furthermore, equations (ll) and (12) must result in a closed air-

foil. This requires that the coefficient of _-I in dz/d_ be equal to 0.

(See eq. (7).) From equation (7), it follows that

dz a0+ibo [1 ._d--_-- e + (-1 + a I ÷ ibl)_ -1 + .

The above conditions are only satisfied if

I
1
i

i a0--0
I

J
b0=0

ll



a I = 1

b I = 0

Because b 0 does not appear in the Fourier expansion of P(_), the remaining

t_hree conditions from equation (9) are:

2_

= _ P (#) d_ = 0
na 0

J0

2_

,_a_ = _ P(_) cos _ d_ =

0o

SO 2__b I = P(_) sin _ d_ = 0

(13)

(14)

(15)

The algorithm for the numerical evaluation of the airfoil coordinates is defined

by eqaations (9) to (12) subject to the conditions set forth in equations (13)

to (15).

The integration of equations (ll) and (12) allows the coordinates of the

airfoil to be obtained from v(_). The entire procedure is very flexible. In

other methods, the function P(_) in equation (9) is specified by selecting one

angle of attack _ = _* for which the velocity distribution v*(#,_*) is to

occur on the airfoil. In the present method, the function P(_) in equation (9)

is defined as

2 v* (_,u*) ilP(_) =-in Icos (_ _ _.)

This function P(_) specifies the airfoil and is independent of

result, the velocity distribution v(#,_) for any arbitrary

from equation (16),

_. As a

is obtained

(16)

v(#,a) = v* (_,u*) = f(e) (17a)

12



which can also be written

v(_,=) = v*(¢,_*) (17b)

Equation (17a) also follows directly from equations (i) and (4).

distribution v(O,e) is therefore defined by v*(_,_*) and _*

knowledge of the airfoil shape.

The velocity

without any

It should be noted that the right-hand side of equation (17a) is invariant

with respect to _. One of the most important consequences of this invariance

is that it is not necessary to select only one angle of attack _* at which the

velocity distribution v* is to occur on the airfoil. It is possible to

specify v* by selecting different values of _* for different segments of

I the airfoil. If _* is a function of ¢, equations (16) and (17a) still hold[

i For any given segment, the velocity v(_,e) for any _ is only identical to
i the specified v*(¢,_*(_)) if _ = _*(_).

Of course, v(¢,_) must be continuous over the entire airfoil

(0 _ _ _ 2z). This does not require _*(_) to be continuous. It is only

necessary that v*(_,_*) compensate for any discontinuity in _*(#). If

e*(_) is introduced as piecewise constant

l
(_i-1 < # <--¢i )

at each discontinuity in _*(_), the matching condition

lim

v* (¢. + e _*_ , i+l )

oo.<%ol..)
v*(_i - £' _)

oo.<% of>
must hold.

A problem arises with the velocity distribution at the front stagnation

point. If segment i includes the front stagnation point, v*(¢,a_) = 0 must

for cos [_- e_) = 0. Thus, P(_) is undefined at this point.be specified
%

(See eq. (16).) Because this is only true at an isolated point, the problem

icould be solved numerically. It is much easier, however, to prevent the problem

!by introducing an arc limit _i,le near the leading, edge and specifying v*

!ahead of this point while the stagnation point is beyond it and vice versa.

iThis is possible if

i

13



_i,le

and

_i, le

which requires

- 2_? < _
l,le

- 2_? >
1,1e+l

(18a)

e[,le+l < e*i,le

(18b)

must not be specified. It is one of the
In the present method, $i,le

parameters left undefined in order to satisfy the conditions set forth in equa-

tions (13) to (15). The algorithm is written such that those conditions are

satisfied automatically if inequality (18b) is satisfied at the leading edge.

Specification of Velocity Distribution

The final specification of _*(¢) and v(¢,_*) has the following form.

The circle is divided into I a arcs. Each arc, i, extends from ¢i-i to

Thus, _0 = 0 and ¢la = 2z. The leading edge is ¢i,le" For each arc,

¢i"

v (¢,_*) = ViW (_) (¢i-i <- _ <--_i ) (19)

where v i w(¢)

independent of i. This function w(_) allows a main pressure recovery and a

closure contribution to be introduced on each surface (ref. 5). (See fig. 2.)

It has the following form:

is a constant to be discussed later and is a function which is

?
i

(20)

I

I

over the range (0 _ _ & _i,le ), and

w(_) = ll

over the range (_i,le

functions which are interpreted as follows:

0-co_.o - 0 -- (21)

+co_,,,,J._!L .3_.-;. cos_, ..'_1
I
t

< _ < 2_). The terms in braces must be considered special[

_-0._f_:l)- 0 andifif f(_)

14



f(_) > 0, <f(_)> = f(_)- Thus, w(_) = 1 if _ > _w and _ > _s in equa-
tion (20) and if _ < _w and _ < Ss_ in equation (21). (It should be noted
that _w and _s < n and _w and @s > n.)

A typical distribution w is sketched in figure 2 where _ = (I + cos _)

is used to give an impression, of w(x) as defined by equations (20) and (21).

The leading factors in equations (20) and (21) represent the main pressure

recoveries for the upper and lower surfaces, respectively. The lengths of the

main pressure recoveries are specified by _w for the upper surface and by _w

for the lower surface. The total amount of pressure recovery and the shape of

the recovery are determined by K and _ or K and _ depending on the sur-

face under consideration. The total amount of main pressure recovery (the total

main velocity-reduction factor) for the upper surface is obtained by neglecting

the second factor in equation (20)

w = + K + cos ¢w/_

(22)

The absolute value of the slope of w(x) at the beginning of the recovery

(_ = _w ) is

_0 ! =
UK :23)

I(I + COS _w )

A more detailed analysis of equation (20) shows that a concave pressure recovery

is specified by K > 0 and _ > 0. An approximately linearly decreasing veloc-

ity is achieved by K < 0 and _ = -i. A pressure recovery having a very steep

initial slope is specified by a large value for K and a small positive value

for _. Thus, it is possible to specify almost exactly a Stratford pressure

recovery by a careful choice of K and H in equation (20).

It can be seen that the first denominator in equation (20) is (i + cos ow)

instead of (i - cos ¢w) and that _ contains _w in equation (22). These

terms cause a smaller total amount of pressure recovery (higher _) with

decreasing recovery length (decreasing _w ) . This is insignificant in that the

i main pressure recovery can be specified in three different modes:

(1) K and _ are specified

(2) _' and _ are specified (only concave pressure recoveries (K

> 0) are specified in this mode)

(3) _ and w are specified

and

The length of the recovery is always specified by

three modes apply to the lower surface as well for K,

_w- Of £ourse, the same

_, and Ow"
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The second factor in both equations (20) and (21) represents the closure

contribution. It is normally restricted to a small region surrounding the

trailing edge (_s = 200-300 and _s = 3300-3400)" If K H > 0, this term

results in a convex velocity decrease as shown in figure 2. This type of

velocity decrease is frequently present near the trailing edge.

If the trailing-edge angle is nonzero, the velocity goes to zero at the

trailing edge (rear stagnation point). This condition cannot be achieved with

equations (20) and (21) as it would require K H and KH to become infinite.

Hence, these equations mathematically permit only a zero trailing-edge angle.

However, the region influenced by the requirement for a trailing-edge stagnation

point is very small so that, in a practical sense, the trailing edge as defined

by the method can be considered as having a nonzero angle. The exponents KH

and KH cannot be specified. They are determined such that the airfoil will be

closed and, therefore, they are a consequence of all of the specifications.

In summary, the velocity specification, equation (19), along with equa-

tions (20) and (21) allow several different arcs on the unit circle in the

_-plane to be specified as shown in figure 3. The limits of these arcs are

shown as solid radial lines. The angles _w, _s, _w, _nd _s are indicated

by broken radial lines. For all arcs between _w and _w, the essential part

of the velocity specification ls the value e_. Thus, for any given arc i,
v is specified such that

v($,e_) = v i = Constant

which means that for this arc i, v = v i = Constant if e = _. The absolute

value of v i cannot be specified, but is determined by the previously mentioned

matching conditions in the form of equation (17a).

For the arcs over which w(_) _ i, the value of u* must also be specified.

For these arcs, _* is that angle of attack for which v(_) varies with w(_).

(See eq. (19).) Normally there is no arc limit specified within the pressure-

, recovery region. This is, however, not a restriction within the algorithm. One

could imagine that there will be design problems in which _* should change

within the pressure-recovery region. This is not prohibited.

If two consecutive arcs have the same e*, no dividing arc limit is neces-

sary. This is also true if _* is the same for the pressure recovery and the

arc immediately ahead of it. Of course, specifying two or more consecutive arcs

having the same _* is not prohibited, except around the leading edge. The

values of _w and _w do not necessarily need to be specified at arc limits,

although the pressure recovery frequently is not specified for the same angle of

attack at which constant v occurs over the arc ahead of the pressure-recovery

region itself. This is illustrated in figure 3 where _w is an arc limit and

_w is not. This means that _* can change at _w, but not at _w"
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Thus the total specification of v(¢) requires only

(i) The arc limits _i (except _i,le )

(2) The _* values for all arcs
1

(3) The pressure-recovery specifications - _w' _' K, Cw'

(4) The lengths of the closure contributions as specified by

This specification leaves the I a constants v i free, along with the arc

limit 0i le and the closure-contribution exponents K H and KH" There are

Ia matchlng conditions and equations (13) to (15) must be satisfied. All these

conditions can be satisfied in closed form which leads to a transcendental

The solution of this equation can be obtained by normal
equation for ¢i,le"

numerical methods. The values of K H, _, and v i can also easily be deter-

mined from the solution of the transcendental equation.

A more extensive description of the method is given in reference 5, which

'contains the formula for the splitting of a term containing a "corner" (dis-

continuity in slope) at @ = ¢i,le_ (See P(_) in eq. (9).) This results in
a better convergence of the remaznlng power series and reduces the n_merical

errors in the method. Some minor differences exist between reference 5 and the

present paper. In reference 5,

(i) Only I a = 6 arcs are available with the leading edge occurring at _3

(2) The closure-contribution exponents K H and KH also include the main

pressure recovery

Symmetric Airfoils

A simple example of an airfoil design is that of the symmetric NACA 6-series

airfoils (refs. 1 and 2). These airfoils are intended to exhibit, at a certain

or positive angle of attack @i' constant velocity from
lift coefficient c_, 1

:x = 0 to x = _I" Over this length, the pressure gradient is favorable for
i

;_ < _I" The same is true for the corresponding length on the lower surface for

> -_i" For all _ where Iel < _i' the pressure gradients on both surfaces

are favorable up to x = ll" It was predicted that, at these angles of attack

over a certain Reynolds number range, the boundary layers on both surfaces would

'remain laminar to x = ll" This was, of course, experimentally realized. The

Cd-C _ polars of these airfoils exhibit what is now commonly referred to as a
"laminar bucket." For simplicity, the range of _ for which both surfaces

exhibit favorable pressure gradients will be called the laminar bucket. Thus,

for the symmetric airfoils described above, the laminar bucket is determined by

the range -_I _ e _ _i" The length _ !/c is called the extent of laminar

flow. This length might be different on the upper and lower surfaces of non-

symmetric airfoils. In this situation, the lower-surface length would be

called _2/c.
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For _ = 0 O, the velocity distribution exhibits increasing velocity up

to x = _I" This requires a certain airfoil thickness and, correspondingly, a

certain pressure recovery towards the trailing edge. The total amount of

recovery depends on the width of the laminar bucket as defined by e I and on

the extent of laminar flow ll/C.

Using the present method, this NACA 6-series example can be designed very

simply. For the upper surface, _* = _i and, for the lower surface, e* = -e I . i
Unfortunately, the specification of the recovery function for a given _l

and ll/C, such that a reasonable trailing edge results, is not so simple. For

example, #w = _ for ll/C = 0.5. There is no such rule, however, for the

specification of K and _. If their values are too large, KH and KH will

be negative and a negative thickness will occur ahead of the trailing edge. If

their values are too small, K H and KH will be large and the closure contri-

butions will close the airfoil very abruptly, resulting in a very large

trailing-edge angle. Thus, it is usually necessary to select K and _ by

trial and error such that the desired _railing-edge shape is obtained. This

shape is judged by the value of _ + _.

This trial-and-error procedure has been included in the program in the form

of iteration modes as follows:

(i) The values of K and/or K are iterated such that _ = K H +

where K S is specified

(2) The e* values for the upper and/or lower surface are iterated such

that KH + KH becomes the specified value KS; the main pressure

recove_--y is not altered

(3) The _* values for arcs ile and/or

KH + KH becomes the specified value

is not altered

ile + 1 are iterated such that

KS; the main pressure recovery

Iteration mode 1 addresses questions like: What amount of pressure

recovery is required for the desired laminar bucket width and extent of

laminar flow? Iteration mode 2 concerns questions such as: What laminar

bucket width and extent of laminar flow are possible given a certain amount of

pressure recovery? Iteration mode 3 is normally used in the design of hydro-

foils where the _* values for the segments covering most of the upper and

lower surfaces are responsible for the range of lift coefficients over which no

suction peak occurs and, therefore, the danger of cavitation is minimized. If

this range is not to be influenced by the iteration, only the leading-edge

region can be used to modify the airfoil thickness.

Two airfoils which exhibit velocity distributions typical of the s)nmuetric

NACA 6-series airfoils are shown in figures 4 and 5. The first airfoil (fig. 4)

designated 1095, has the same laminar bucket width and extent of laminar flow as

the NACA 653-018 airfoil. It is specified by _* m 2.7 ° along the upper sur-

face and e* = -2.7 ° along the lower surface while the amount of pressure

recovery is iterated under mode 1. The second airfoil (fig. 5), 1096, also has
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ionly two segmentsfor which _* is specified. The difference between the two
idesigns is that, while airfoil 1095uses iteration modei, airfoil 1096 uses
;iteration mode2 where the _* values are iterated leaving the pressure recov-
iery function unchanged. The pressure recovery for airfoil 1096 is about the
sameas that for the NACA653-018 airfoil. In fact, airfoil 1096 had to be
modified slightly to reach an airfoil thickness of 18.0 percent. The result is
el = 3"69o" This meansthat the present design methodallows an increase in
the laminar bucket width of 37 percent.

NonsymmetricAirfoils

Of course, no more effort is required for the specification and computation
of nonsyr_netric airfoils than for symmetric ones. The nonsymmetricNACA6-series
airfoils contain an approximation error due to the introduction of camJDer by

_vorticity distributions along the mean line.

i

As an example, a nonsymmetric airfoil, 1098, defined by four segments is

shown in figure 6. This airfoil already contains a generalization of the pre-

vious NACA 6-series examples. The lower surface again requires only one _*,
i *
'_4 = 2o, which determines the lower limit of the laminar bucket. The upper sur-

face, however, is divided into three segments. For the segment from x/c = 0.15

• = 8 °. For
to the beginning of the pressure-recovery region at Xl/C z 0.52, _i

the shorter segment from x/c = 0.04 to 0.15, _2 = 10° and, for the even

shorter segment from the leading edge to x/c = 0.04, _ 12 ° . This airfoil,

t_hen, should not have a sharp suction peak on the upper surface up to _ = 12 ° -

This feature is achieved by the third upper-surface segment.

For comparison, airfoil 1097 is shown in figure 7. This airfoil is speci-

fied by only one _* for the upper surface ahead of the pressure-recovery

region. All the other specifications, including e* for the lower surface, the

pressure recoveries for both surfaces, and the _* values for the recoveries,

are the same as those for airfoil 1098. The results are e2 = 9"980 and an

airfoil thickness of 18.45 percent. It should be mentioned that this airfoil

was easily specified using iteration mode 3 which iterates only e 2.

A comparison of the two airfoils shows that, at e = 12 ° , airfoil 1097 has

already developed a sharp suction peak at the leading edge. For many applica-

tions, it is beneficial to shift the forraation of such peaks to higher angles of

attack. T.his is achieved by specifying higher _* values for the segments near

ithe leading edge. Of course, this results in a thicker airfoil and, accordingly,

a greater amount of pressure recovery. If the amount of pressure recovery is to

remain unchanged, however, some other changes have to be made to reduce the

'thickness. The previous examples show that this can be achieved by introducing

!lower e* values for the segments away from the leading edge. This is usually

'not a disadvantage in that, for moderate Reynolds numbers, the bounda_ l layer

will remain laminar even through a moderately adverse pressure gradient.
i
I

I Airfoils 1097 and 1098 also demonstrate that the pressure gradient at a

certain angle of attack e over a certain segment of the airfoil can be pre-

;cisely controlled by changing the value of _* for that segment. For the upper
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surface, higher values of e* result in more favorable pressure gradients.

Higher values of _* were used near the leading edge to modify airfoil 1097 to

produce airfoil 1098. Lower values of _* result in more adverse pressure I

gradients for the upper surface. This feature is the difference between air-

foils 1097 and 1098 between x/c = 0.15 and 0.52. Obviously, for the lower _. i

surface, these trends are reversed. r

In summary, the specification of _* is equivalent to the specification of !

the pressure gradient. The only difference is that a given change _* does [

not have an eqaal influence on the pressure gradient everywhere along the air- .

foil surface; the influence decreases with increasing distance from the leading

edge. This is not, however, necessarily a disadvantage. The boundary layer is

_hinner near the leading edge and, therefore, requires a greater change in

pressure gradient to affect a given change in the shape factor. Thus, it is

very easy to solve multipoint airfoil design problems by specifying _* such

that the boundary layer has desired properties at various angles of attack.

POTENTIAL-FLOW AIRFOIL ANALYSIS METHOD

General Description

The potential-flow airfoil analysis method employs panels with distributed

surface singularities. The geometry of the panels is determined by a spline fit

of the airfoil coordinates, with the end points of the panels being the input

airfoil coordinates themselves (fig. 8). The singularities used are vorticities

distributed parabolically along each panel. The flow condition, which requires

the inner tangential velocity to be zero, is satisfied at each airfoil coordi-

nate (i.e., at the end points of the panels, not the midpoints) as indicated by

the double arrows in figure 8. Two angles of attack, 0O and 90 ° , are analyzed.

The flow for an arbitrary angle of attack can be derived from these two solu-

tions by superposition. The entire procedure does not require any restrictions

on the input point distribution, smoothing, or rearranging of the coordinates;

only the original airfoil coordinates are used. An option is included, however,

by which additional points can be splined in between the original coordinates.

This option allows more precise results to be obtained should a portion of the

airfoil have a sparse number of points.

A flap deflection can be introduced by geometrically rotating part of the

airfoil about a flap-hinge point. The connection between the forward portion of

the airfoil and the flap is defined by an arc consisting of additional points

which are generated automatically according to an input arc length.

i '";

Numerical Procedure

The numerical procedure is based upon determination of the velocity

vector w induced at a point (_,_) by the vorticity distribution Y(_) along a

straight panel which extends from _ = 0 to _ = 0 on the t-axis as shown in

figure 9. For
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! Y(6) = Yi 1 -
'!
:the velocity components are

4

i

--w.= I- T+_--A

_ Yi q o

and

(24)

(25)

where

and

sin T
2

A= In_
sin T 1

(26)

T = T 2 - rl = arc tan _ _
arc tan =

%

it follows that for

(27)

the velocity components are

land

and for

2__z, = _ T _ _ A
_J w_

2,_ _A_n
y_W n = - F _T + i

(28)

(29)

(30)
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the componentsare

and

-- = - + T + 2 - IA

7p \_2
a2 A÷_2 - T-a

(31)

(32)

The superposition of the vorticities in equations (24) and (27) results in a

linear vorticity distribution with 7(_ = 0) = 7 i and 7(_ = _) = _j. Its

induced velocity is given by equations (25), (26), (28), and (29). For the

parabolic vorticity distribution, equation (30), the factor 7p cannot be

derived from the vorticities 7 i and 7j on the panel under consideration but,

instead, depends on the vorticities on both the preceding and succeeding panels.

If a panel is not straight, it is divided into a number of straight sub-

panels np for the numerical computation of its induced velocity at the point

(_,n). The number of subpanels np is determined by the distances _/G and
5/0. if these distances are great enough, the camber of the panel is neglected.

Furthermore, if these distances are even greater, a global development is intro-

duced in which each panel is replaced by a single vortex.

Special higher-order developments are used for the velocity induced at

points on the panel itself. At these points, equations (25), (26), (28), (29),

(31), and (32) fail. For the vorticity in equation (24), the induced tangen- •

=ia! velocity at the beginning of a panel (fig. i0) is

2__ wt 5 1

where gl and g2 are the slopes shown in figure i0.

equation (27), the induced tangential velocity is

(33)

For the vorticity in

2_ 2 1

wt " gl - g2

and, for the vorticity in equation (30), it is

(34)

2n 5 1

_p wt 12 gl _ g2

(35)
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i
i

a

All these equations together allow the computation of the influence of any

vorticity distribution on a panel as specified by equations (24), (27), and (30)

at any point P. A flow condition at point P results in a linear equation for

the unknown y. Thus, a system of nq linear equations results, where nq is

the number of points defining the airfoil.

It should be noted that equations (24) to (32) require only very simple

modification in order to compute the influence of a source distribution. The

induced-velocity vector _ is rotated 90 ° in the mathematically positive direc-

tion when replacing the vorticity distribution Y(_) by the same source distri-

bution s(_) = y(_).

Trailing-Edge Singularity

As in other panel methods, a singularity arises from the circulation F

around the airfoil, which is unconstrained unless required to satisfy the Kutta

condition. Two different shapes are involved.

The first shape is a sharp trailing edge having either a zero or nonzero

angle. For this shape, the singularity is caused by a finite circulation around

the airfoil which results in an infinite velocity at the sharp trailing edge.

Thus, an additicnal equation is required while one equation already in the equa-

tion system can be omitted. This additional equation consists of an extrapola-

tion of the vornicity distribution to the trailing edge and an averaging at the

trailing edge itself. The Kutta condition is introduced by requiring equal

velocity on both sides of the trailing edge and zero normal velocity relative to

the bisector of the trailing-edge angle. This implies that a zero trailing-edge

angle is introduced and the shapes of the two panels at the trailing edge are

changed using a cubic spline (fig. ii). It should be noted that the bisector of

the angle between these new shapes is equal to the bisector of the original non-

zero trailing-edge angle.

The omission of one of the equations in the system can sometimes cause

errors at the point for which the flow condition is governed by the omitted

equation. In other words, the equation system is not exactly singular due to

small numerical approximations. In the present method, none of the equations is

omitted but rather the entire equation system is multiplied by the transposed

coefficient matrix. Thus, all the equations are solved as accurately as possible

in a least-squares sense. (See ref. i0, for example.)

The second shape is a blunt trailing edge - one in which the upper- and

lower-surface trailing-edge points are not the same (fig. 12). For this shape,

not only a vorticity distribution 7 but also a source distribution s is

introduced at the base of the airfoil. Both are linear distributions over the

base length and are determined such that no flow singularities occur at either

of the two trailing-edge points. A tangential-flow condition and a normal-flow

condition are satisfied at the inner middle of the base. This procedure also

results in one more equation than necessary. The equation system is solved in

the same least-squares sense as for sharp trailing edges, even nhough blunt

trailing edges are not singular with respect to circulation.
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The zrailing-edge procedure employed for analysis is determined auto-

matical!y from the trailing-edge coordinates. Only the airfoil coordinates are

required, no other specification is necessary.

Spline Routine

The panel method requires a spline routine. Most software systems contain

such routines, but nearly all of these routines do not spline in the x-y plane.

Instead, those routines spline x(s) and y(s) separately, where s is the

length coordinate along the polygon connecting the points. These routines do

not satisfy the condition requiring a minimal integral over the curvature in

the x-y plane. Accordingly, a new spline routine was developed which better

satisfies this condition. It does contain, however, a certain linearization of

the _-n coordinates shown in figure 8. If the slopes of the spline fit are

too large for a given panel, the spline routine might not give results which

are precise enough. This could, of course, lead to inaccurate results from the

panel method. So, a warning is printed in subroutine SMOOTH if the absolute

values of the slopes are greater than 0.4.

BOUNDARY-LAYER METHOD

General Boundary-Layer Equations

An integral method is used for the analysis of the boundary layer (ref. 8).

If u(x,y) is the tangential velocity component within the boundary layer,

x the length along the surface in the stream direction, and y the length

normal to the surface, then the potential-flow velocity is

U(x) = lira u(x,y) (36)

y_

the displacement thickness is

SO _

the momentum thickness is

62(x) = 1 - u U dy

(37)

(38)

: : [
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and the energy thickness is

u63 (x) = - _ dy
(39)

The shape factors HI2 and H32 then are

and

6 !

HI2 = _2

63
= -r--

H32 02

(40)

(41)

If v 0 is the normal velocity at the surface (where blowing is positive

and suction is negative), the integral momentum equation is

., U' v0

02 + (2 + HI2) _ -- 62 = Cf + --_
(42)

and the integral energy e cuation is

., U' v0

03 + 3 _- °3 = C-1)+ -U-
(43)

where the prime denotes differentiation with respect to

coefficient is

T o

Cf =
pU 2

and the dissipation coefficient is

2 SO _ _u
C_ = _ T dy

OU 3

x, the skin-friction

(44)

(45)

Equations (42) and (43) are satisfied by every solution u(x,y) of the

full partial differential equation for the boundary-layer flow. Approximate

solutions can be determined by only allowing velocity distributions of the
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u )form _ = f ,H(x) , where 6 is a thickness factor and

factor. The present method uses as the thickness factor 62

factor H32.

H a shape

and as the shape i

i
t

the

(46) I

Laminar Boundary Layers

For laminar boundary layers, some Hartree profiles (ref. 3) have been

selected as velocity distributions. If Z is the reference length and U_

reference velocity, this leads to

_t

Cf =
U 62

R --

U_ l

if

if

2D*

C_ = U 62
R _

HI2 = 4.02922-(583.60182 - 724.55916H32

227.18220H22) qH32 - 1.51509

1.51509 < H32 < 1.57258

HI2 = 79.870845 - 89.582142H32 + 25.715786H_2

H32 > 1.57258

3

_* = 2.512589- 1.686095R12÷ 0.391541Hi2- 0.031729x12

if 1.51509 =< H32 < 1.57258

E* = 1.372391 - 4.226253H32 + 2-221687H_2

if H32 _ 1.57258

1
(47)

(48)

(49)

and

D* - 7.853976 - I0.260551H32 + 3.418898H_2 (50)
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(See ref. 8.) The Reynolds numberis

U
R = -- (51)

%)

The local Reynolds number based on momentum thickness is

U62 U 62

U_

(52)

For airfoil boundary layers, the reference length 1 is the airfoil chord c

and the reference velocity U_ is the free-stream velocity.

I !

Equations (46) to (50) specify 62 and 63 as functions of 62 and 63,

provided the potential-flow velocity U(x), the suction velocity Vo(X) , and

the Reynolds number R are given. Because 62 and 63 are involved, it is

logical to use H32 as the shape factor. This is not a major deviation from

other methods which use HI2 instead of H32, as HI2 is a unique function

of H32. (See eqs. (48).) Thus, the shape of the boundary-layer velocity dis-

tribution u(y) can be determined from H32 as well as from H!2. The Blasius

boundary layer has a shape factor H32 = 1.57258. If H32 _ 1.57258, u(y) has

no inflection point. If H32 < 1.57258, u(y) has an inflection point.
_u

H32 = 1.51509 is the laminar-separation limit where _y = 0 at y = 0.

Favorable pressure gradients and v 0 < 0 tend to increase H32 and vice versa.

Initial values for 62 and 63 can be derived from closed solutions for

the first step of length _x. If the boundary layer begins at x = 0 with

U = 0 (i.e., the potential flow has a stagnation point at x = 0), the solution

for the first step is

_ = 0.29004VRU(_x)l

and

63 = 1.6199862

(53)

For a sharp edge with U = U 0 at x = 0, the first step can be determined

from the Blasius solution, which results in
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and

62(Ix)

63 = 1.5725862

1 (54)

(See ref. 8.)

The numerical integration of equations (42) and (43) results in 62 and

63 and, hence, H32 at every point x. Laminar separation is predicted when

H32 = 1.51509. Constant potential-flow velocity yields the constant value

H32 = 1.57258. The approximate solutions obtained from this method usually

agree very well with exact solutions (ref. 8).

Turbulent Boundary Layers

The turbulent Doundary-layer method does not allow the derivation of the

expressions for HI2, Cf, and C_ in the same simple manner as did the laminar

method which used certain selected velocity distributions. Instead, the empiri-

cal expressions of Wieghardt, Ludwieg-Tillman, and Rotta are employed in a

slightly modified form as derived in reference 8. These expressions are

iiH32 +15

H12 = 48H32 - 59
(55)

E U_21_0.232 _Cf = 0.045716 H12 - l)--_J --1"260H12
(56)

V U627 -I/6

C_ = 0.0100 _HI2 - l)--_J
(57)

While, for laminar boundary layers, a single value of H32 indicates

separation, this is not true for turbulent boundary layers as determined by

equations (55) to (57). It can only be stated that for H32 > 1.58, there will

surely be no separation and that for H32 < 1.46, there will surely be separa-
tion. It has been determined, however, that thicker boundary layers tend to

separate at lower H32 values. Because the present method yields lower values

of H32 for adverse pressure gradients than other methods, turbulent separation

is assumed when H32 = 1.46.

Transition

The prediction of boundary-layer transition requires a switch from the

laminar laws (eqs. (46) to (50)) to the turbulent ones (eqs. (55) to (57)).
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transition criterion by which this switch is determined assumesthaz transition
has occurred if

> 18.4H32- 21.74 - 0.36rin R_2=
(58)

where r is a roughness factor. This criterion, as shownin figure 13 for
r = 0, predicts that transition occurs later if H32 is higher (i.e., the

pressure gradient is more favorable). The constants in inequality (58) were

empirically derived (ref. ii). A roughness factor of r = 0 corresponds to

natural transition on a smooth surface with no free-stream turbulence. Increas-

ing r results in earlier transition. A roughness factor of r = 4 is repre-

sentative of the disturbances caused by insects or a rough surface or by a

t1_rbulent free stream. It is recommended that the results obtained for differ-

ent roughness factors be checked when comparing the method to data obtained in

a turbulent free stream (ref. 12). Roughness factors of 6 or below can be

used. A more detailed description of the transition criterion is given in

several references (for example, ref. 12).

Laminar Separation Bubbles

Frequently, laminar separation (H32 = 1.51509) occurs before the transition

criterion, inequality (58), is satisfied. Upon the prediction of laminar sepa-

ration, the program continues the computation by switching to the turbulent

laws. In the real flow, laminar separation is often followed by turbulent

reattachment. This phenomenon is known as a laminar separation bubble. The

results of the present method exhibit a certain analogy to this bubble. If the

local Reynolds number Rx is small enough, the turbulent shear stress and dis-
_2

sipation laws yield little more, and sometimes less, skin friction and dissipa-

tion than the laminar laws. In this situation, the method indicates either a

very slowly increasing shape factor H32 or a decreasing H32 which rapidly

reaches the turbulent separation value of H32 = 1.46.

For a slowly increasing H32, a laminar separation bubble which extends at

least to the point where H32 = 1.58 must be expected. This possibility occurs

not only following laminar separation, but also in a very steep adverse pressure

gradient following transition. If the method shows immediate turbulent separa-

tion following transition, this indicates that laminar separation without turbu-

lent reattac.hment must be expected in the real flow.

If a bubble is predicted, there is only one way to alleviate it. The air-

Ifoil must be modified such that the pressure gradient at the beginning of the

iturbulent boundary layer is reduced. This is, of course, much easier in the

_design mode than in the analysis mode.
I

i in designs, a bubble exists at many angles of attack, andmany multipoint

;an improvement at any one angle of attack may cause difficulties at another.

For such multipoint designs, it is important to consider the variation of

Reynolds number with C L which occurs on an aircraft in flight.
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Boundary-Layer Development

It is very informative, particularly with respect to laminar separation and

laminar separation bubbles, to plot the boundary-layer development R62 versus

H32 as shown in figure 13. This figure shows the boundary-layer development

along the upper surface of airfoil 1098 at various angles of attack for

R = 1 × 106 . For segments of the airfoil having constant velocity (_ = _*)

(fig. 6), the boundary layer approaches the Blasius solution having a constant

shape factor H32 of 1.573 and increasing momentum thickness 62 • These seg-

ments correspond to the vertical lines in figure 13. As the angle of attack is

increased (e > _*), the velocity distributions become concave over the forward

portion of the airfoil or, in other words, the airfoil "pulls a peak" at the

leading edge. These concave distributions are similar to those which produce

Har_ree boundary layers, but the curves in figure 13 show increasing H32 with

increasing R62 for _ > _*, whereas the Hartree boundary layers result in

lower but still constant shape factors. This means that these velocity distri-

butions are more concave than the Hartree (power law) distributions. Thus, as

the angle of attack is increased even more, laminar separation will occur at

the leading edge. In figure 13, the curve for e = 14 ° shows that the boundary-

layer development along this leading-edge velocity peak is tending toward the

laminar-separation limit (H32 = 1.51509). This tendency toward laminar separa-

tion can be eliminated by the introduction of segments having higher _* values

toward the leading edge. Experience indicates that the curves in figure 13 can

be shifted to the right by a positive _* about as far as they would be

shifted to the left by a positive _ of the same amount. Obviously, it is

much easier to control the development of the shape factor by manipulating e*

values than by altering a given velocity distribution at only one angle of

attack. Also, it should be noted that a variation in Reynolds number only

shifts the curves in figure 13 vertically. Thus, no additional problems arise

with varying Reynolds number.

The program contains an option whereby diagrams such as that in figure 13

can be plotted automatically if a boundary-layer analysis is performed. Through

the use of this diagram, it is very easy to control the laminar boundary-layer

development for a multipoint design as demonstrated in references 9 and ii.

Section Characteristics

For any given airfoil, it is easy to obtain the potential-flow velocity

distributions at arbitrary angles of attack from the design or the analysis

methods. The boundary-layer method can then be applied to these velocity dis- _

tributions. The displacement thickness obtained from the boundary-layer develop-

ment could be added to the airfoil contour and further analysis of this "fluid i

airfoil" using the panel method would result in a new velocity distribution. 1

This type of displacement iteration, however, has not yet been incorporated

into the program. I

i
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The boundary-layer characteristics at the trailing edge allow the Squire-

Young formula (ref. 13) to be applied to obtain the drag

5+H 12, te

_ /Utel 2

cd = 262,_e\u_ /
(59)

where te refers to conditions at the trailing edge. This formula, however,

was not developed for use at high values of HI2 like those which result when

the flow at the trailing edge is near separation. For these conditions, the

predicted values of c d are too high. Therefore, the formula was empirically
modified to

5+H_2, te

IUte I 2

cd = 2_2,teV_ /

where

Hl2,te = Hl2,te
<2.5

for H12, te =

= 2.5 for H12,t e > 2.5

(60)

This formula is applied at the trailing edge of the upper and lower sur-

faces separately. If boundary-layer separation is predicted at a velocity

Use D , the program does not perform any more boundary-layer computations.

Instead, it corrects only the momentum thickness 62 by

02, te

5+H12, sep

--62,sep\ute /

Because this transfer is performed with Hl2,sep = 2.803, which follows from

equation (55) for H32 = 1.46, the drag as computed from equation (60) is

15
C d = Cd, sep\Ute /

Thus, a certain drag penalty due to separation is included although it is small

and not empirically founded.

The lift and pitching-moment coefficients are determined from the potential

flow. Some simple viscous corrections are then applied to these coefficients.
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The lift-curve slope where no separation is present is reduced to 2_ from its
theoretical value. In other words, the potential-flow thickness effects are
assumedto be offset by the boundary-layer displacement effects. If _0 is the
zero-lift angle as shownin figure 14, the lift coefficient with no separation
is

Cl,ns = 2_(ec + a 0)
(61) [_

Note that ac is the angle of attack relative to the chord line and ac + _0

is the angle of attack relative to the zero-lift line _. In this situation,

all angles are in radians. If a separation of length Sse p is predicted on the

upper surface, an angle-of-attack correction

1

Ssep
_ = --(6us + a c)

c

is used to determine a lift-coefficient correction

Ac I = 2n A_ = -7 SSc-_(6us + ec ) (62)

where 6us is the slope of the airfoil upper surface near the trailing edge,

as shown in figure 14. A similar effect occurs in potential-flow wake theory

(Helmholtz flow). (See ref. 14.) The corresponding correction is applied if a

separation is predicted on the lower surface. Neither a positive _c Z for the

upper surface nor a negative _cl for the lower surface is allowed. These

possibilities could occur for airfoils having a flap deflection.

The present method has been applied successfully at Reynolds numbers from

2 × 104 to 1 x 108 . See reference 9, for example.

I_LEF_NTATION OF THE THEORY

The program contains three major blocks corresponding to the three theo-

retical methods to be employed, as well as several other subroutines for special

purposes. See "Flow Chart and Input Card Summary."

The program is available at a nominal fee through the following

organization:

Computer Software Management Information Center (COSMIC)

112 Barrow Hall, University of Georgia

Athens, Georgia 30602

Request the program by the designation PROFILE LAR-12727.
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AIRFOILDESIGNSUBROUTINE

The entire potential-flow airfoil design method is contained in subroutine
TRAPROwhich calculates the airfoil coordinates x/c and y/c, the inner

\

normal angles _, and the function v(_,_)/cos I_- e)
which is required for

the computation of the velocity v(_,_) at any point at any angle of attack.

These results are stored in the blank COMMON arrays X, Y, ARG, and VF, respec-

tively. Subroutine TRAPRO calls subroutine DRAW and some of the auxiliary sub-

routines discussed in "Utility Subroutines."

AIRFOIL ANALYSIS SUBROUTINES

The center of this portion of the program is subroutine PANEL which

requires as input the airfoil coordinates x/c and y/c, which are stored in ,

blank COMMON, and the spline-fit inner normal angles 8, which are stored in

array XP in blank CO_ION. The panel method is applied at 00 and 90 ° angle of

attack. The resulting velocity (vorticity) distributions are stored in array

GA_4MA which is a formal parameter in the subroutine. Simultaneously, the results

are stored in arrays VF and ARG in blank COMMON. The lift coefficients for the

two angles of attack are stored in array CAE which is also a formal parameter.

The lift coefficient for 90 ° angle of attack is identical to the lift-curve

slope. The zero-lift angle is stored as ALN in COMMON/PRAL/. Subroutine PANEL

calls subroutine GAUSS.

BOUNDARY-LAYER SUBROUTINES

The heart of this portion of the program is subroutine GRS, which computes

one integration step using equations (42) and (43). This subroutine can also

compute the effect of suction on the boundary layer, although it cannot deter-

mine the required surface porosities. Thus, the suction options have greater

significance if this subroutine is used independently. If this is doWe, the

fixed transition positions must be specified in COMMON/TKIT/ when using transi-

tion modes 1 and 2 as discussed later in this section. Subroutine GRS calls

subroutines GRUP, HI2B, and UMP.

Subroutine GRUP provides the right-hand sides of equations (42) and (43) by

calling subroutine CDCF to obtain C_ and Cf. Subroutine CDCF calls sub-

! routine H12B to get HI2 from H32. The interconnection of these subroutines

1 is shown in figure 15. Of course, it is possible to substitute other expressions

for Cqy Cf, and HI2 by replacing subroutines GRUP and HI2B with other

routines.

Subroutine GRS has as inpu£ parameters:

HVGL = H32 at the beginning of the step

D2 = 62 at the beginning of the step

UK = U at the beginning of the step
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UKI = U at the end of the step

DL = the length of the step divided by the chord

WRE =

MU = the transition mode

MA = the suction mode

The values of UK and DL are changed during the execution of subroutine GRS.

The transition modes are:

MU = 0 - transition at laminar separation

MU = 1 or 2 - fixed transition where the transition positions are con-

tained in array XTRI in COMMON/TRIT/

MU = 3 - natural transition (See inequality (58).)

MU > 3 - transition with roughness factor r = MU - 3

(See inequality (58).)

The suction modes are:

MA = 0 - no suction

MA = I, 2, or 3 - The suction is computed outside of subroutine GRS. In

these situations, V and Vl are also input parameters

where V is the suction velocity at the beginning of

the step and Vl is the suction velocity at the end of

the step.

MA = 4, 5, 6, or 7 - The suction is computed within subroutine GRS such that

H32 = a + b in R62
(63)

(See ref. 8.) The values of a and b for the

different suction modes are obtained from arrays AA

and BB in COMMON/GRZK/.

MA = 8 - The suction velocity is

dHl2

V = 25(1.98 - H32)62
(64)

1
according to a suggestion made by August Rasper.

1Head, Department of Aerophysics, Mississippi State University.
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In all situations where M_ _ 4, the values of V and Vl arc detcrm.ined in sub-

routine GRS. Only W1 - 0 is pe_-aitted when using subroutine GR5 in the

present version of the program,

The output parameters {besides V and Vl) of subroutine G?_ are:

HR " H32 at the end of the step

D2R - 62 at the end of _2%e st.p

XA - the length within the step which is no_ separated

XU - the length within the step which is laminar

DCQ = the contribution of r.he _ the suction coefficient

(See ref. 8.) ,k_

Subroutine GRS also h_ndles numerical instabiliuies by au:om_ticall 7

reducing the step size thereby computing one step Of length DL as many shorter

"substeps." (See ref. 8.)

If U - 0 is specified in the input parameters, the stagnation poin_ solu-

tion (eqs. (53)) is used. If D2 - 0 is specified, the BlasZus solution

(eqs. (54)) is used.

Subroutine CRP computes the boundari_layer devele._ent for any given

velocity distribution and Reynolds number. It calls subroutine G?I for each

step where a step is the lenqth which extends from one airfoil coordinate _o

the next, uxcept for the stagnation point which can occur between two coot=i-

nares. Thu_, the number of airfo_l coordinates determines _he n_ber of

bounda_/-layer steps to be computed. Up to _ive Reynolds numbers and their

associated transition modes can be handled in parallel. Subrouulne GF_ always

stores the re:_ults of a step for use in the next step, if possible. This pro-

cedure saves much computinq time if one velocity disrr:_uzzon is analyzed at

several Reynolds numbers in parallel. Subroutine GRP is called from several

places in the main routine. It can handle, for fixed £e_olds nu_-.Ders, velocity

distributions for many angles of attack wi=h only one call, or i_ can be

restricted to only one angle of a_:ack if the _7nolds n_er is :o depend

on _.

The velocity distributions are computed in function VPR(::,:). The value

of the variable rT_ _n CO:4?_:;/PRAL/ indicates whether _he velocity fanction was

determined in the design or the analysis =odu and, ther_f=rc, detc:min_s the

velocity formula rx) be selected (automatically). The value of the variable _;

is the index of _ne airfoil coordinate at which the vel:=ity is to be computed

and Zhe angle of attack is obtained from :he Ith value in array ALV in

C9_LMON/P?J-J./. The boundary-layer subroutines arc, of c_uzse, not concerned

with the SOUrCe of the 7eloc_y function.

ORIGI,N_%" F'AC-_EIS

OF POOR QUALITY
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SubroutineGRP has as input parameters:

NAX
" the number of angles of arrack: if NAX < 0, JNAX I indicates

which single angle of attack to use

RE(JR) - the arra_, of Reynolds numbers

MU(JR) - the array of transition modes

JR - the tota! number of Reynolds numbers for each a

ISTI._T - the pen number to be used for the boundary-layer plot

The results from subroutine GRP include=

[1) The boundary-layer developments, which can be printed and plotted

(2) The drag coefficient and the lengths of turbulent flow Sturb and

separated flow Sse_ for each surface at all angles of attack u

and Reynolds number_ R; these values are scored in the blank CO_ON

arrays CW, SA, and SU, respectively

[3) A boundary-layer summary containing cd, Sturb, and Ssep0 for each

surface and the total Cd, c I, and ¢m for the airfoil; these

values contain the viscous corrections computed in subroutine VISC

(The boundary-layer summary can be printed and plotted.)

ADDITIONAL RELATED _JBROUTINES

Subroutine PADD inserts additional points along the airfoil surface usin 9 a
spline.

Subroutine MO:_-_'_ computes the potential-flow pitching-moment coefficient

cm about the quarter-chord point and the section hinge-moment coefficient c h
about the flap-hinge point.

Subroutine FLAP generates a new set of airfoil coordinates which incorpo-

rate the deflection of a simple flap.

Subroutine FIHLES reads the coordinates of a given airfoil.

Subroutine _ pious t_Je boundary-layer summary.

Subroutine DIA computes airfoil thickness.

Subroutine DIAGR plots the airfoil and its velocity distributions or the

pressure envelope.

Logical functions YC_ and YG5 exclude portions of t:_e plot generate_ by
subroutine DIAGR to prevent certain confusing line intersections.
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Subroutine STRAAK plots airfoils having various chord lengths.

Subroutine STRDR prints the coordinates in cm of the airfoils plotzed by

subroutine STRAAK.

UTILITY SUBROUTIh_S

Subroutine WANDEL(N,NF,M,MHB) translates an integer number N into alpha-

numeric code. The result is contained in the array NF(M) with no leading zeros

and MHB blank spaces following the number. The array NF can be written in

format MAI.

Subroutine GAUSS(A,B,N,M,£PS) solves a system of N linear equations having

M terms in the right-hand sides. The coefficient matrix is A(N,N) and the terms

in the right-hand sides are contained in the matrix B(N,M). EPS is a lower

limit for the determinant of A(N,N). If the determinant is less than EPS, a

warning is printed in subroutine GAUSS. The solution replaces the input B(N,M).

Function RUND is a round-off procedure.

Functions SING and COSG calculate the sine and cosine of angles in degrees.

Subroutine QIP(X,Y,A) performs a quadratic interpolation which yields the

three coefficients of a parabola through three points.

Subroutine SPLITZ(X,Y,NQ,BETA) performs a spline fit of the NQ points

contained in arrays X(NQ) and Y(NQ). The result is the array of angles

normal to the spline curve at every point. This means that the tangent oriented

in the sense of increasing point number is rotated 90 ° in the mathematically

positive direction. Thus, 8 is the inner normal angle of an airfoil for which

the points are numbered in sequence from the trailing edge fo_ard along the

upper surface to the leading edge with decreasing x and then alonq the lower

surface to the trailing edge with increasing x. This sequence is used in both

the design and the panel methods, it yields -7 < 8 < _ with no ambiguity.

Subroutine CINT(P,Z,NQ,IZZ) numerically integrates P over NQ ordinates

and stores the result in array Z. All points are assumed to be equidistant, the

distance being i. If IZZ = 0, the trapezoidal formula is used. If IZZ _ 0,

a third-order formula is used which assumes that the P values are periodic

I with NQ - i. The initial value of Z(1) is 0.

INPUT AND OUTPUT (USER'S GUIDE)

I PRINCIPLES OF INPUT

I

The sequence of execution within the program is controlled in a very

, flexible manner by the input cards themselves. Each input card has a name in

. the first four columns. Thus, an ALFA card has "ALFA" in the first four col-

umns and an RE card has "RE" plus two blanks. These blanks are part of the

name and, therefore, those two columns must not be used for other purposes.
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The program reads this name and then branches to the appropriate portion

of the program. After performing the computations, printing, or plotting

initiated by the input card, the program returns to the starting point in the

main routine and reads the next input card. In effect, the program is asking

"What should I do next?"

Some of the cards initiate computation, printing, or plotting which relies

on results generated by other cards. Thus, the sequence of cards is not com-

pletely arbitrary. See "Flow Chart and Input-Card Summary."

All of the data from a card remain unchanged until new data are read from

a card of the same type. Thus, it is possible to leave some data words blank

for many cards if the corresponding data words from a previous card are not to

be changed. Exceptions to this rule will be described in detail.

Every job must be terminated by an ENDE card. This card leads to the STOP

statement.

FORMAT OF DATA CARDS

All of the data cards except those containing airfoil coordinates are read

in the same format - A4,3II,I3,14F5.2. This means that each card contains in:

Columns 1-4, an alphanumeric card name

Columns 5-7, three integer numbers NUPA, NUPE, and NUPI having one digit

each

Columns 8-10, one integer number NUPU having three digits

Columns 11-80, fourteen floating point numbers each of which is in

format F5.2; these numbers are referred to as F-words F 1 - FI4 in the _

following description i

First, a review of the use of format F5.2. Each number is read, using this !

format, from a fixed group of five columns on the card; all five columns are

read and blanks are read as zeros. If no decimal point is used, the digits in I_

the two right-hand columns are set behind the decimal point, the others ahead.

For example,

is read as -0.05

1+lTIsl I I isr  d sTS.O0

If a decimal pcint is used, the second number of the format is neglected.

example,

For
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I" i 0 i 0 I 3 I 7 I is read as 0.0037

I-I 31vi9[. I is readas -379.0

Thus, it is possible to read input numbers written with a decimal point which

would not fit into format F5.2 without a decimal point.

For some of the input cards, the F-words are multiplied by a factor before

they are used within the program. In the following description for example,

0.1 F1 = _ [FS.3]

_I might appear. When no decimal point is used in the F-word, this is equiva-
• lent to reading K in format F5.3. Thus, K = 0.078 can be punched

J i l 17181 or I l 1718i I,butnot I I I017'81 whichwould
result in K = 0.0078. So, if an effective format appears in brackets as shown

above, it is valid only where a decimal point is not used.

OVERVIEW OF INPUT CARDS

The various input cards can be divided into the following four groups:

input for airfoil design, input for airfoil analysis, options for both design

and analysis modes, and options for boundary-layer analysis. The function of

each input card is shown in "Flow Chart and Input-Card Summary."

The input for airfoil design is contained on three card t%_es. The TRAI

card contains the arc limits and their corresponding _* values. The TRA2 card

contains the pressure-recovery and closure-contribution parameters. The ABSZ

card allows the number of points on the circle to be multiplied by a specified

factor.

The input for airfoil analysis is also contained on three card types. The

FXPR card reads a set of airfoil coordinates. The PAN card switches the pro-

gram from the design mode to the analysis mode. The FLAP card alters the air-

foil shape to that corresponding to the deflection of a simple flap.

The options for both design and analysis modes are contained on five card

types. The ALFA card contains the angles of attack to be analyzed. The PUXY

card punches the airfoil coordinates onto cards. The DIAG card plots velocity

distributions. The STRD and STRK cards together plot airfoils having various

chord lengths.

The options for boundary-layer analysis are contained on five card types.

The RE card contains the transition modes and Reynolds numbers. The FLZW card

contains the aircraft data necessary to compute the boundary-layer development
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where the Reynolds numberis varied with aircraft lift coefficient and local
chord. The PLW card contains the additional aircraft data necessary to gener-
ate a polar. The PLWAcard allows the aircraft data contained on the PLW card
to be modified in specified increments. The CDCLcard plots the boundary-layer
summary, including section characteristics.

The ENDEcard terminates the job.

INPUT FOR AIRFOIL DESIGN

As described in "Potential-Flow Airfoil Design Method," an airfoil design

is specified by several arcs with limits _i having _* values of e_ and

the parameters_for the recovery functions and the closure contributions which

include _w, _w, _s, and _s" The arc limits as well as _w, _w, _s'

and _s are not specified in degrees but, instead, relative to point numbers.

The airfoil points computed are images of equidistant points on the _ circle.

The number of points n c on the circle can be specified but must be divisible

by 4. Thus,

b

_ = 2n/n c = 360O/n c

and

_i = _i/A_

l* = _s/a¢

A practical number of points n c is 60. This means that _ = 3600/60 = 6 ° .

In this situation, _i = 15 specifies an arc limit which corresponds to a

point around the midchord of the upper surface of the airfoil, whereas _i = 30

is near the leading edge and _i = 45 is near the midchord of the lower sur-

face. If _i is an integer number, the arc limit specified by v i corresponds

to a point on the airfoil. If _i is a decimal number, the arc limit occurs
between two points on the airfoil. The same is true of the A values which

specify the beginnings of the pressure-recover_ and closure-contribution

regions. Of course, symmetric airfoils have _ = I and _t = l..

The arc limit Vi,le must not be specified. One arc limit, however, must

be reserved for _i,le" This is achieved by setting _i,le = 0 in the input.

The program then computes the correct value of _i,le"

L

v
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The input data for the design method is contained on three card types.
The TRAI card specifies the arc limits Vi and their corresponding _[ values.
The TRA2card specifies the pressure-recovery and closure-contribution param-
eters used in equations (20) and (21), the iteration mode, and the amountof
pressure recovery to be achieved by the closure contribution KH+ KH" The
ABSZcard offers someadditional options.

TRAICard

NUPAand _K/PEare neglected.

NUPIand _PU = airfoil identification number (4 digits)

F1 = _l (F5.2)

F2 = _l in degrees relative to the zero-lift line (F5.2)

(F3,F4) = (_2,_) and so on

If more than seven arcs are to be specified, another TRAI card must be included,
with columns 5_I0 identical to those on the first TRAI card. On this second
TRAIcard, F1 = u8' F2 = _' and so on. Up to four TRAI cards (28 arcs) are
allowed for any one airfoil design. The numberof points on the circle comes
from the last arc limit vi = _ia. This numbermust be divisible by 4.

= 0. The value ofThe leading-edge arc limit must be specified by _i,le
_i,le which is computedby the program must be between Ui,le-! and _i,le+l"
Thus, if the value of Vi,le-i is too large or the value of _i,le_l is too
small, inequalities (18a) cannot be satisfied and no solution for _i,le can
be found. In this situation, the programwill print a messageand then stop.

* > _?Also, r_memberfrom ineqaality (18b) that _i,le a,le+l"

It is recommended that arc limits which do not correspond exactly to the

points on the airfoil be specified. Arc limits which will fall between points

(for example, _i = 16.5) yield velocity distributions which are slightly

smoothed. This was done on airfoil 1098 which is shown in figure 6. The

TRAI card for this airfoil is:

which implies that _ = 6 ° and, therefore,

Vl = 23.5 _i = 141° _ = 8o

_2 = 27.5 _2 = 165° _ = 10°
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V3 = _i,le = 0 _3 = _i,le _3 = 120

V4 = nc = 60 _4 = 3600 _4 = 20 < _3

TRA2 Card

NUPA, NUPE, NUPI, and NUPU are neglected. Columns 7-10 can, therefore, be

used for the airfoil identification number, if desired.

F 1 = >,* (F5.2)

F 2 = I (F5.2)

F 3 = recovery specification mode RSMus (F5.2) which determines the inter-

pretation of

RSMus

0

1

2

F 6 = _* (F5.2)

F 7 = _ (F5.2)

F 8 = P_MIs (F5.2)

as follows:

I_Mls

0

1

2

F 4 and F 5 as follows:

0.1F 4 0. IF 5

[F5.3] U [F5.3]

[rs.3]

[rs.3] w [Fs.3]

which determines the interpretation of F 9 and F10

0.1F 9 0.1F10

[F5.3] _ [F5.3]

_'[Fs.3] G [Fs.3]

5 Ers.3] _ EFs.3]

FII = ITMOD = the iteration mode to be used to achieve the desired

value of KS (F5.2)

0.1Fl2 = M R = the desired value of KS (= K H + KH ) [F5.3]

0.1Fl3 = Kto I = the tolerance on the achievement of KR; Kto I - 0,

normally [F5.3]
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F14 - Determines which integration schemeis to be used to compute the
x/c and y/c airfoil coordinates (F5.2). If FI4 = 0 (normal),
a trapezoidal-rule integration is performed. If FI4 _ 0, a third-
order integration is performed.

The following iteration modescan be used to achieve the desired trailing-
edge angle as indicated by KH+ KH:

ITMOD= 0 - No iteration is performed; FI2 and F13 are neglected and

K H and KH are determined by the other design parameters

ITMOD = 1 - All s_ for the upper surface (i _ ile) are replaced by

S i + _S

ITMOD = 2 - All s_ for the lower surface (i > ile) are replaced by

_i + _

* _ _ and* (i K ile) are replaced by s iITMOD = 3 - All upper-surface s i -

* (i > ile) are reolaced by s i - _all lower-surface _i

ITMOD = 4 - K is replaced by K + _K

I_40D = 5 - K is replaced by K + _K

ITMOD = 6 - K is replaced by K + _K and K is replaced by K + _K

ITMOD = 7 - Si,le is r'eplaced by s ,le + As

ITMOD = 8 - S i,le+l is replaced by cZi,le+l + As

!TMOD = 9 - _[,le is replaced by Si,le + A_ and ei,le+l is replaced

by c_i,le+l - AC_

In all situations, _ or _K is determined such that KH + KH = KS = KR

which is specified by FI2. During the iteration, _ is rounded off to two

figures and K to three figures to the right of the decimal point. Therefore,

KS may not be exactly equal to K R.

The TRA2 card initiates the design of the specified airfoil. The x/c

and y/c airfoil coordinates and the inner normal angles are stored in blank

COMMON arrays X, Y, and ARG, respectively, and the velocity function

v/cos (_- _) in blank CO_MON array VF.

Normally, the program prints all of the 9i values, including _i,le'

and _heir corresponding s_ values as well as the pressure-recovery and
1

closure-contribution parameters twice; once with the input values and once with

the final values from the last iteration. Between these two tables, one line

per iteration is printed which contains the values of K S and _ or _K for

that iteration. Other print modes are controlled by the parameter mtr on the

ABSZ card as discussed in the next section.

43



-

The TKA2 card for airfoil 1098 is shown below.

TO=? ],]?.: _0 I_=_0 ?.F!(,I0_?0 _0 4(:t 1450 _00 1000 -.'50 -.'00 400 [!00 f.,('t

The printout initiated by this TRA2 card with mtr = 1

TRANSCENDENTAL EOUATiON RESULTS AIRFOIL 1098

NU ALPHA_ OMEGA' OMEGA K MU

23°50 8,00 1o137 ,650 .598 1,0O0

27.50 I0.00

32.01 12,00

60.00 2.00 1,137 ,&SO ,598 1,000

follows :

ITERATION I K S - -°311031 DELTA • -.07039044

ITERATION 2 K S - .390738 DELTA • -.00092388

ITEraTION 3 K S = ,40Oq_l DELTA - ,00009223

TRANSCENDENTAL EQUATION RESULTS

NU ALPHA_ OMEGA' OMEGA

?3.50 8.00 1.192 _63g

27.50 1O.0O

32o01 12o00

_0.00 2.00 1,192 .839

AIRFOIL 1098

K MU

,827 l_OOO

ITERATICN 0 MODE b

K H LAMBDA LAMBDA*

.&O8 14.50 4,00

.091 14.50 4,00

ROUNDED = -,07

ROUNDED • -,OO

ROUNDED • 0.00

ITERATION 3 MODE 6

K H LAMBDA LAMBDA*

o_Sq 14.50 4°00

,&27 1,DO0 -,058 I_.50 4.00

ABSZ Card

Two options are controlled by this card. First, the print mode mtr for

the design iteration can be changed and, second, the number of points NQ in

the design subroutine can be changed.

If I_;PA # O, mtr = NUPE (Ii):

mtr = 0 - No printout

mtr = 1 - Printout as described in the preceding section

mtr _ 2 - Printout of every iteration

NUPI, NUPU, and F 1 are neglected.

If F 2 P( 0, ABFA = F 2 (F5.2):

ABFA is a factor by which all _i values on the TRAI cards as well
as _, l*, _, and _* on the TRA2 card are multiplied. This

factor allows the number of points - for a given airfoil design

whose TRAI and TRA2 cards have alreauy been punched to be changed

without having to repunch the TRAI and TRA2 cards. Note that the
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value of the last arc limit, _ia • ABFA, must still be divisible

by 4. Thus, the number of points n c = Via 60 for a given air-

foil can be changed to n c = 108 by setting ABFA = 1.8. Remember
that, if the arc limits on the TRAI cards were selected such that

they would fall midway between the points on the airfoil, this will

no longer be true if ABFA M i.

The print mode mtr and factor ABFA remain in effect until the next ABSZ

card is read. Thus, an ABSZ card with F 2 = 1 resets ABFA = i. Initially,

within the program, mtr is automatically set to 1 and ABFA to i.

INPUT FOR AIRFOIL ANALYSIS

The potential-flow airfoil analysis method requires only a set of airfoil

coordinates. Because these coordinates do not conveniently fit into the format

used for all the other input cards, they are read by a separate subroutine

FIXLES which is called if an FXPR card is used. This subroutine reads the

coordinates into blank COMMON arrays X and Y in the correct sequence (i.e.,

from the trailing edge forward along the upper surface, around the leading

edge, and back along the lower surface to the trailing edge). The output from

the panel method is controlled by print mode mpa.

FXPR Card

If NL-PA _ 0, mpa = NUPE (Ii):

mpa = 0 - No printout

mpa = 1 or 2 - Only the headline containing the lift coefficients

for 0 ° and 90 ° angle of attack and the zero-lift

angle is printed

>
mpa 3 - The headline plus the airfoil coordinates, the velocities

for 0 ° and 90 ° angle of attack, and the slope angles are

printed

If ND_A _ 9, mpa = NUPE but no panel-method analysis is performed.

NUPI is neglected. The value of NUPU is transferred to subroutine FIXLES

via variable ITP and allows various formats for the reading of the air-

foil coordinates to be selected.

The print mode mpa is initially automatically set to 1 within _he program.

The F-words specify additional points to be splined in between the original

coordinates as read following an FXPR card. The five digits of F i are

denoted aabdd:
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If aa = 00, one point is inserted at x/c = 0.dd on the upper

surface, if b = 0; on the lower surface, if b = i.

If aa M 00, b points are inserted between points aa and aa + 1.

The new points are spaced equidistantly along the straight line

between the two original points, if 0.dd > Xaa/C and

0.dd > Xaa+i/c; otherwise, the points are spaced such that, in the

equation x/c = 1/2 (i + cos _), the angles _ corresponding to

the new points are equiangular.

The ability to insert additional points frequently allows the accuracy of

the results to be improved if portions of the airfoil have sparse numbers of

points. Near the trailing edge where the velocity is changing rapidly, it is

recommended that the new points be spaced equiangularly on the circle. A

value of dd = 85 has proven to be good for this purpose.

This capability must be used cautiously in one respect, however. The

number of all the points in arrays X and Y behind the inserted points are

increased by the number of inserted points. The simplest way to avoid diffi-

culties is to specify the F-words with decreasing values of aa. This means

that aa for F 1 should be greater than aa for F 2 which should be greater than

aa for F 3, and so on.

The following example illustrates the use of this capability. The NACA

6-series airfoils are defined by 26 points on each surface which results in a

total of 51 points where the leading edge is point 26. (One of the two identi-

cal leading-edge points is omitted.) The points near the trailing edge

(xi/c = 1.00, x2/c = 0.95, and x3/c z 0.90), as well as those near the

leading edge, are too widely spaced to obtain accurate results from the panel

method. The FXPR card which follows

inserts two points on each surface between x/c = 0.95 and 1.00 in the

equiangular-spacing mode (words F 1 and F6), one point on each surface between

x/c = 0.90 and 0.95 in the equiangular-spacing mode (words F 2 and F5), and

one point between the leading edge and the first point on each surface (words

F 3 and F 4) in the equidistant-spacing mode. Thus, a total of eight points is

inserted.

Following the execution of subroutine PANEL, the airfoil coordinates are

stored in blank COMMON arrays X and Y and the vorticities for _ = 0 O and 90 ° ,

in arrays VF and ARG. Thus, all the data required by function VPR for computing

the velocity at every point for every angle of attack are available.

Subroutine FIXLES handles the input of an airfoil to be analyzed in the

following manner. First, the airfoil name is read in format 12AI into array

NAMP(12) in COMMON/PRAL/. Then, the airfoil coordinates xi/c and yi/c,

where i = i, 2 .... nq, are read into blank COMMON arrays X(121) and Y(121).

The sequence of the points begins at the trailing edge and extends forward
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along the upper surface, around the leading edge, and then, back along the
lower surface to the trailing edge. Thus, the trailing-edge point must appear
twice, even if the trailing edge is sharp, whereas the leading-edge point
should appear only once. The total numberof points nq is then written into
blank COMMONvariable NQ. The value of nq _ 121. Finally, the slope of the
upper surface 6us near the trailing edge is written into variable DLTin
COMMON/PRAL/,the lower-surface slope 61s into DLTU. The definition of these
slopes is such that, for symmetric airfoils, 6us = 61s. Becausemost airfoils
are not very smoothalong the region which surrounds the trailing edge, it is
recommendedthat somepoint (x,y) i on the upper surface and somepoint
(x,y) j on the lower surface be selected such that xi/c z 0.9 and xj/c _ 0.9.
Thus,

and

_us -- Yi/(c - xi)

61s -- Yj/(c - xj)

In the present version of the program, a simple form of subroutine FIXLES
is included which reads the following cards:

(1) A card with only the airfoil namein columns 1-12 (12Al)

(2) A card with the numberof upper-surface points MUPand the n_n_berof
lower-surface points MLOWin columnsi-I0 (215)

(3) Four sets of cards containing the MUP x/c values, MUP y/c values,
MLOWx/c values, and MLOWy/c values (8FI0.5). Thus, all of
these cards have eight values each, except the last card in each
set, which could have less than eight values. The sequenceof the
points within each set is from the leading edge back to the trailing
edge= The leading edge must appear in each set. One leading-edge
point is automatically omitted during the execution of subroutine

FIXLES. The total number of points NQ is therefore MUP + 5_OW - 1

It is, of course, easy to adapt subroutine FIXLES to other card formats.

PAN Card

The PAN card switches the program from the design mode to the analysis

mode and is, therefore, required if the panel method is to be employed follow-

ing a design (TRAI and TRA2 cards). It contains the same options regarding the

print mode and the insertion of points as the FXPR card. No PAN card is

required after an FXPR card.

NUPA and NUPE - See "FXPR Card"

F - See "FXPR Card"
1
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FLAPCard

The shapeof an airfoil analyzed by the panel method can be altered so as _
to correspond to the deflection of a simple flap. Becausethe panel method
does not allow sharp corners in the airfoil surface, a transition arc between
the flap and the forward portion of the airfoil must be introduced. Such a
transition arc occurs "naturally" on the convex side of a real wing, but not on

the concave side where a corner is formed. This concave corner, however, is

smoothed by a locally separated region and, therefore, it is reasonable to

introduce a transition arc there as well.

NUPA, _PE, NUPI, and NUPU are neglected.

0.01F 1 = flap chord, cf/c [F5.4]

0.01F 2 = y/c-position of the flap hinge [F5.4];

thus, the flap-hinge point is located at

and Yh/C = F 2

Xh/C _ 1.0 - F 1

0.01F 3 = one half of the transition arc length ST/C [F5.4];

ST/C is typically 0.04 to 0.06, depending on the amount of

flap deflection

F 4 = flap deflection 6f in degrees, positive do_ward (F5.2)

The panel method is called automatically after a FLAP card is read. A

FLAP card, however, requires data from a preceding panel method analysis.

Therefore, an airfoil generated in the design mode requires a PAN card before

a FLAP card can be used. A sample FLAP card will be given after the description
in "DIAG Card."

O

OPTIONS FOR BOTH DESIGN AND ANALYSIS MODES

After obtaining an airfoil in either the design or analysis mode, several

options are available for generating additional printed, punched, and plotted

output. All of the options are independent of the mode in which the airfoil was

obtained.

ALFA Card

The ALFA card has two different functions. First, it initiates the storage

of up to 14 values of e as well as the pitching-moment and hinge-moment coef-

ficients for those values, all of which are available for other options.

Second, it initiates additional output, called the x-y-v listing, containing

the x/c and y/c airfoil coordinates and the velocity (or pressure-

coefficient) distributions for all values of e. This listing is printed

according to print mode mxy. Also, a listing of the moment coefficients is

printed according to print mode mcm.
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mcm= NUPA (Ii) :

mcm = 1 - Printout of moment coefficients for all values of

mcm M 1 - No printout

mcm is always set to the value of NUPA if NUPU _ 0 and, therefore,

mcm is only in effect until the next ALFA card with NUPU _ 0 is

read.

If NUPA _ 0, mxy = NUPE(II) :

mxy = 0 - No printout

_xy _ 0 - The airfoil coordinates and the velocity (or Cp) distri-

butions for all values of _ (i.e., x-y-v listing) are ,

printed.

If NUPA = 0 (normal), mxy remains as previously set. The preset value is

mxy _ 0.

If NUPA = i, in addition to the above, the subroutine PA_L print mode mpa

is set to NUPE + i. The usual combination for moment-coefficient print-

outs is NUPA = 1 and NUPE = 0, which results in only the headlines

from subroutine PANEL being printed between the moment-coefficient

listings while the coordinate and velocity-distribution listings

(x-y-v listings) are suppressed. This combination yields moment-

coefficient listings which are easily surveyed.

NUPI = 0 - The values of _i are interpreted as being relative to the

zero-lift line, and the x-y-v listing contains velocity

(v/U_) distributions.

NUPI = 1 - The values of _i are interpreted as being relative to the

chord line, and the x-y-v listing contains velocity

distributions.

NUPI = 2 - The values of _i are interpreted as being relative to the

zero-lift line, and the x-y-v listing contains pressure-

coefficient (Cp) distributions.

NUPI = 3 - The values of _i are interpreted as being relative to the

chord line, and the x-y-v listing contains pressure-

coefficient distributions.

NUPU = n_ = _he number of F-words to be read (I3)

NUPU = 0 - NUPI, n_, and the values of _i from the immediately pre-

ceding ALFA card with NUPU _ 0 are used. If the first

ALFA card contains NUPU = 0, the program will terminate.
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Fi (i = !,n_) - Values of _i in degrees (F5.2)
<If Fi = -99, _i = _" This option is sometimeshelpful if the values d_

r*

u have been iterated.
1

Internally, the program uses only _ relative to the zero-lift line. If

h_PI = 1 or 3, all values of _c,i are translated into values of ei relative

to the zero-lift line and then back to values of _c,i relative to the chord

line only for output. If F i _ -99, the value of _i (= _) is always relative

to the zero-lift line. This option yields constant velocity over the ith seg-

ment of the airfoil. If NUPI = 1 or 3, the value of _i is translated into

the value of _c,i relative to the chord line for output which, therefore, does

not give _i but instead, e_ - _0" If F i _ -99 occurs with i > Ia or

before the design mode is used, the program will terminate.

The following cards illustrate some of the ALFA-card options.

_.. ]

The moment coefficients are not printed (mcm = NUPA = 2 _ 1); the x-y-v list-

ln_ containing velocities is printed (NUPA _ 0, therefore, mxy = NUPE = i;

_PI = 9); and _i = I°' _2 = _' _3 = 2o' and _4 = 30, all relative to the

zero-lift line (NUPI = 0).

The moment coefficients are not printed (mcm = NUPA = 0), and mxy remains as

previously set (NUPA = 0). If mxy M 0, the x-y-v listing containing pres-

sure coefficients is printed (NUPI = 3) with _i = 20' 4o, 60, 80, and i0 O

relative to the chord line (NUPI = 3).

_OPI, ne, and the values of _i from the immediately preceding ALFA card with
_PU M 0 are used.

I_JPI, n_, and the values of _i from the immediately preceding ALFA card with

NUPU F 0 are used. The moment coefficients and the x-y-v listing are not

printed (NUPA = 2 M 0, therefore, mxy = NUPE = 0).
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The following card sequence contains the cards required to print those

results which are plotted in figures 4, 5, and 7.

T;'"'I IiI"_-'.i'li'_,',:'TP '.:l',f'P-:77(1
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PUXY Card

This card initiates only the punching of the airfoil coordinates x/c

and y/c and the inner normal angles 8 onto cards via tape 4. Columns 1-5

on each punched card contain the airfoil name. If this name comes from the

analysis mode, columns 3-7 of the name are used. If this name comes from the

design mode, one blank followed by the four digits of the airfoil number are

used. Columns 6-8 contain the number of the first point punched on that card.

Columns 9-80 contain four groups of three numbers each which are the x/c, y/c,

and 8 values for one point. No decimal points are punched. The format is

such that the x/c and y/c values can be read in format F6.5 and the

8 values in format F6.4. The 'punching is performed in a separate subroutine

PUDECK which is easily modified to allow other formats.

ORICIN/_:L P_,+';= f_.:
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DIAG Card

This card initiates the plotting of two different diagrams.

NUPA and NUPE are neglected.

NUPI = 0 - A diagram containing the airfoil shape and the velocity distri-

butions for all the values of e on the preceding ALFA card

is plotted. If F 1 _ 0, 100F 1 = the length of the x-axis

in mm [F5.0]. The preset value of F 1 is 177.8 nln

(7.000 in.).

NUPI = 1 - A so-called pressure envelope diagram is plotted with ICp,minl

as the abscissa and e as the ordinate. All values of e

from the preceding ALFA card are used. The range of e

values which can be plotted is from -5 ° to 150. The e-axis

is only drawn as long as necessary within this range, however.

If this range and, accordingly, the e-axis must be extended,

the lower and upper limits can be specified by FI-= _min in

degrees (F5.2) and F 2 = ema x in degrees (F5.2). If F 1 = 0,

_min remains as previously set. If F 2 = 0, ema x remains

as previously set.

mbt = _JPU (I3) - This option allows several different sets of data to be

plotted in one diagram.

mbt = 0 - _es are drawn, one set of data is plotted, and the diagram

is terminated (i.e., closed to further plotting).

mbt = 1 - Axes are drawn, one set of data is plotted, and the diagram

is open to further plotting.

mbt = 2 - No axes are drawn and one set of data is plotted into the

existing diagram which is then terminated.

mbt = 3 - No axes are drawn and one set of data is plotted into the

existing diagram which remains open to further plotting.

Obviously, mbt is valid only for the one DIAG card in which it is contained.

It must be remembered that no other plots can be generated between two

sets of data to be plotted in the same diagram.

The following card sequence plots into one diagram the two sets of velocity L

distributions for airfoil 1098 at e = 2° , 8 ° , i0 °, and 12 ° relative to the

zere-lift line from the design and the analysis modes.
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If the printing mode was not set prior to the first AL_-A car_, two x-y-v

listings would be printed and between them a headline from the panel method.

The second ALFA card can be left out. The second set of data would be plotted

correctly without it although the second x-y-v listing would not be printed.

The following card sequence plots into one diagram the velocity distribu-

tions for an airfoil with and without flap deflections. Three velocity distri-

butions, all at _ = 0 ° relative to the chord line, corresponding to flap

deflections of 0°, l0 °, and -10 ° are plotted. The cards shown must obviously

be preceded by TRAI, TKA2, and PAN cards or by an FXPR card plus airfoil

coordinates.
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The specification of none of the parameters on the second and third ALFA
cards (i.e., ALFAcards with only the card nameon them) or having NUPU= 0
on themwould result in the samediagram. If no x-y-v listings are to be
printed, the first ALFAcard should be

STRDCard

This card prepares the data for the plotting of airfoils having various
chord lengths.

_JPA, NUPE,and NUPIare neglected.

NUPUcontrols the plot modemxz for the subsequentplots initiated by
STP_cards.

If NUPU_ 0, mxz = NUPU(!3):

mxz > 0 - The chord line is plotted.

mxz < 0 - The chord line is not plotted.

If NUPU= 0, _xz remains as previously set. The preset value is mxz < 0.

100F 1 = YBL [F5.0]:

IYBLI = the vertical extent of the plot in mm. The sign of YBL deter-

mines the interpretation of F 2.

100F 2 = RUA [F5.0]:

RUA = the vertical shift in mm of the chord line from one airfoil to

the next, if YBL < 0.

RUA = the vertical shift in _ between the upper surface of one airfoil

and the lower surface of the next, if YBL > 0.

STRK Card

This card initiates a plot and a listing of the airfoil coordinates

generated by the preceding TRAI and TRA2 or FXPR card for various chord lengths.

An STRK card must, obviously, be preceded by an STRD card.

NUPA and NUPE are neglected.

NUPI = 9 - The listing is printed although the plot is suppressed.

NUPI _ 9 - Both the listing and the plot are generated.
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NUPU = NC = the number of airfoils having various chord lengths to be

plotted in one plotting procedure (I3)

NC > 0 - The chord lengths specified by the F-words on _nis STRK card

are stored in the chord array starting from the beginning

of the array.

NC < 0 - The chord, lengths specified by the F-words on this ST_K card

are stored in the chord array starting immediately after

the chord lengths already stored there.

TNC[ > 14 - The diagram is not piotted and the program requires
additional chord lengths.

]NC 1 _ 14 - The diagram containing all of the airfoils for which
chord lengths have been stored so far is plotted.

If NUPI M 9, the listing is printed.

0.01F i = c i = the chord lengths in m [F5.4]. Only 0.01F i is used. If

F i < 0, the diagram containing the airfoils already plotted

is terminated before the diagram containing the airfoil

having chord c i is initiated. Any airfoil having a

chord c i < 1 mm is not plotted. If the preceding dia-

gram has been terminated, a new one will not be initiated

for an airfoil having a chord c i < 1 mm. It should be

noted that a diagram cannot be terminated unless the last

c i < -I mm.

Thus it is possible to plot several airfoils in one diagram. The following

sequence of cards plots two different airfoils in one diagram. The airfoils

both have chords of 0.500 m and are separated by 5 mm. The chord lines for both

airfoils are plotted, and the diagram is terminated at the end of the card

sequence. Obviously, the TRAI and TRA2 cards for the first airfoil must pre-

cede the first two cards in the sequence while the TRAI and TRA2 cards for the

second airfoil must be included between the second and third cards.

TRAI and TRA2 cards (first airfoil)

Z,:T..r.:D 1 _C!(_ '5 ., ]

:"TR_:I I 5000 ]

TRAI and TRA2 cards (second airfoil)

._:TRK ! _000 -5
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If the secon_ STP_ card had contained NUPU = 0, _he chord from the preceding

STP_ card would have been used and the diagram would have remained open to

further plotting.

OPTIONS FOR BOUNDARY-LAYER ANALYSIS

The boundary-layer method within the program requires the velocity-

distribution data generated by the potential-flow airfoil method. Obviously,

the program will terminate if boundary-layer computations are initiated without

these data. The velocity distributions can be generated in either the design

mode or in the analysis mode.

RE Card

This card specifies up to five pairs of data, each containing a transition

mode MU and a Reynolds number R. Boundary-layer computations for every MU-R

pair are performed using the velocity distributions v(x,_) for all of the

values of _ contained on the preceding ALFA card. The program will terminate

if there is no ALFA card somewhere ahead of the RE card. The output from the

boundary-layer analysis is printed and plotted according to print mode mpr and

plot mode mpl. A summary of the results is stored in blank COMMON arrays CW,

SA, and SU which remain available for other procedures.

If NUPA M 0, mpr = N_PE (Ii) and mpl = NUPI (If):

mpr = 0 - no printout

mpr = 1 - Only the summary which contains the lift, drag, and

pitching-moment coefficients, including viscous correc-

tions, as well as the arc lengths of turbulent and

separated flows on both airfoil surfaces plus an indica-

tion of the laminar separation bubble analog is printed.

mpr > 1 - In addition to the summary, the boundary-layer development

along both surfaces for every MU-R pair and all of the

values of e contained on the preceding ALFA card is

printed. This printout contains in the first two columns

the arc length s/c starting at the stagnation point and

the potential-flow velocity v/U_. Then, for each MU-R

pair, two columns are printed; the first one always con-

tains H32 and the second one contains 62 if mpr = 2,

I0-6R62 if mpr = 3, or 61 if mpr = 4. This second

column is entitled DELTA2, RDELTA2, or DELTA1.

mpl = 0 - no plots
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mpl = i _ 5 - The boundary-layer development for the ith MU-R pair is

plotted as R62 versus H32 as described in

"Boundary-Layer Development." Two plots are generated.

The left one is for the upper surface of the airfoil

and the right one for the lower surface. Each plot

contains one curve for each of the values of _ con-

tained on the preceding ALFA card.

If NUPA = 0, mpr and mpl remain as previously set. The preset values

are mpr = 1 and mpl = 0.

NUPU is neglected.

F] - first digit = the suction mode MA (normally zero)

second digit = the transition mode MU

105F 2 = Reynolds number
10-3R [F5.0]

If F 2 = 0, the MU-R pairs and the values of XT/C
RE card are used.

from the preceding

(F3,F4) = (MU2,R 2) and so on up to (F9,FI0) = (MU5,R 5)

FII - F14 are only required if the transition mode MU = 1 or 2

fixed transition). In this situation,

(i.e.,

for MU = 1 [F5.4]0.01Fll = (XT/C)us

0.01F12 = (XT/C)l s for MU = 1 [F5.4]

0.01F13 = (XT/C)us for MU = 2 [F5.4]

for MU = 2 [F5.4]
0.01214 = (XT/C)is

The values of XT/C are only in effect until an RE

read. The transition modes are

card wi_n F 2 _ 0 is

MU = 0 - transition at laminar separation

MU = 1 or 2 - fixed transition at (XT/C)us and (XT/C)!s

MU = 3 - natural transition (see inequality (58))

MU > 3 - transition with roughness factor r = MU - 3 (see inequality (58))

The following RE card initiates three bounda_l-!ayer computations for

each value of _ contained on the preceding ALFA card. The first computation

is for R = 1 x 106 with fixed transition at (x/C)us = 0.05 and
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(x/C)Is = 0.07. The second computation is for R = 3 × 106 with fixed transi-
tion at (x/C)us = 0.i0 and (x/C)is = 0.12. The third computation is for
R = 1 × 105 wi_h natural transition. The boundary-layer development containing

is printed for all three Reynolds numbersand plotted for R = 1 x 105.
_2

_E 1:-_? 6'I 100(10_ -',riO00? I00 500 TO0 1000 1200
• ]

The following typical card sequence generates the boundary-layer diagram,

of which the left-hand plot is shown in figure 13, as well as the transcendental

equatien results listed on page 44.

T_'_'I 1 '?-'. :'75(: ?('(_ :-7Tr. ' ! (I(,(: i."O( 1200 "_'.COO ;_'Of.!

l'_i,_'_-.' I_.,*?? 4(J_ 14_,0 :-'00 1000 _.5(, 400 1,_T(, _06' 16'00 _50 6.(_(' 4tit C,00 000

_--_ _ _.'('6,?00 I006' I;:00 ILHO0 146'0

• I

::" I i! 6'-* !0 (IF.,F.I_:: ?.6:06'

This card sequence also generates the x-y-v listing and the boundary-layer

summary which follow:
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i

. °

IRF_IL lO99 ls.97_
N x Y

o 1.ooooo o.ooooo
1 ,09629 .00097

2 ,98574 .00407

3 ,96952 .00915
4 .94911 .o1546
9 ,92147 .OZZ?5
6 ,88gB8 .03121
7 .85_03 .04088

8 .81_63 ,05192
9 .77245 .06320

10 .729Z3 .07529

11 .68274 .0874b
12 .63669 .09920
13 .9_071 .10g93

14 ,54943 ,11878
19 .50069 .12472
le .49973 .1Z7_3

17 .41094 .12819
18 ,365_9 .12682
19 .32157 .12367
ZO .27879 .I1891

Zl .23777 ,11Z67
ZZ ,19996 .i0910

23 .162_0 .09631
24 .12_63 .08_40
Z5 .09Q71 ,07993
Z6 ,07328 .06397
Z7 ,050_4 .O_IQ8

29 ,03203 ,03975
Z_ .017_3 .02755
30 .00720 .01585

31 ,001Z7 ,O05Zq
32 .000_7 -.00298
33 .0062_ -.OOq_q
_ .01868 -.01708

35 .03645 -,02431
36 .05Ql6 -,03139
37 .08643 -.03802
3_ ,11799 -,04419
39 °19310 -,04971
;0 ,19166 -,Q9445
_1 .23307 -.0_8Z7
42 .27_69 *.06102

43 ,32247 -.OEZ_4

2.00 8.00 10.00 lZ.O0 13.00 1_.00
VELOCITY D|STRIBUTIONS FOR TME _80vE aNGLES OF

,788 .780 ,776 .771 .768 ,769
,809 .806 .803 .Tqg ,797 ,795
• 870 .871 ,070 .867 .869 ,863
,q38 ,945 °945 .944 ,943 .q4Z
._78 .qgO ,99Z ,qq3 ,993 ,9q2
,991 1,009 1,013 1,015 1,016 1,C17

1.008 1.033 1,039 1.043 1,045 1.046
1.030 1.062 1,069 1.076 1,079 1.081

1.097 I.C96 l.lOb I.II_ 1.119 1.123

1,089 1,136 1,149 1,161 1,1b_ 1,171
1,127 1,183 1,199 1,213 1,220 1,226

1,170 1,237 1.257 1.274 1,_83 I.Z�I
I._20 1.300 1.323 I,345 1.355 1.365

1._78 1,371 1,39q 1,426 1,438 1,450
1,343 1.493 i.487 1.519 1.933 1.94_

1.37_ 1,4_9 1.537 1.974 1.991 l.a08

1,35_ 1,4qq 1,541 1,983 1,60Z 1,622
1.344 1.499 1,946 l,_qZ 1.615 1.636
1.329 1.499 1.552 1.b03 1,628 1.652
1.310 1.49_ 1.558 1.615 1.643 1.670

I.Z90 1.499 1.565 1.629 1.660 1.691

1,267 1,499 1,572 1,644 1,67_ 1,714
1.240 1.499 1.581 1,66Z 1.702 1.741
1,_08 1,499 1,592 1,683 1,728 1,773
1.164 1,492 1.598 1,70Z 1,753 I.$04

l,lOb 1,477 1,5_8 1,717 1,775 1,033
1.032 1,_59 1,599 1,735 1,803 1,970

._37 1,435 1,9_9 1,?59 1,039 1._18
,7_ 1,38_ 1,582 1,774 1.e69 1,963
,597 1,308 1,54Z 1,774 1.889 2,00_
• 298 1,187 1,482 1.774 1,qlq 2,064
,198 ,988 1,382 1,774 1,969 2,164

1,184 ,592 1,184 1.774 2,068 2,36Z
1.201 .172 ,17? .516 .687 ,859

l,_Ol ,48Z ,141 ,000 ,1Z1 ,241
1,201 ,650 .469 .Z79 ,186 ,093
1,201 .756 ,606 ,4_5 ,380 ,304
1._01 ._30 .704 .9T7 ,513 °44Q
1.201 .883 .T75 .666 .612 ,5_7
i,201 .925 ,831 ,735 .607 .63_

1,201 °958 .875 ,790 .748 .709
1,101 .985 ,911 ,835 .797 .759
1,ZO1 1,008 ,q41 .873 .839 .804
I.Z01 1.028 .967 .906 .875 .943

ATTACK _ELaT:VE T3 r_E ZERO-LIFT LI_E

airFOIL 1098 lS,_?_
x ¥

_ ,36036 -,06Z_Z 1,201
_5 ,41693 -,06079 1,201
_6 ,469Z4 -,0562_ 1,164
47 .5150g *,04922 1,0q9
40 .56663 -.04074 1.041

49 ,61_17 -,03179 ,991
90 .67_90 -.02303 .948
51 .?_391 *.01901 ._10

92 ,77422 -.00$17 .878
_3 ,92181 -.00Z_0 ,951
94 .9_565 .00093 .828
95 ._C472 .00303 ,.8Cq
56 ._5808 .00364 .7_4
97 .96486 .00_04 ,705
_8 ,_§433 ,00177 .784
54 .99_08 .00053 .786
bO 1.00000 -.00000 .708

ALPHAO • 4,qC OE_aEE$ C_0 • -,1237

2,00 8.00 10.00 IZ.00 13;00 14.00
VELOCITY OI$T|[8UTION$ FOR THE JSOVE ANGLES _F ATTACK _ELAflVE TO THE ZERO-LIFT LINE

1.0_5 ,qqO .934 .906 .977
1,060 1,010 .qgq .q33 ,907
1.041 .997 .95Z ,929 ,905

,993 ,955 ,916 ,F96 ,876
• q51 ,_1S .Se_ .867 ._50
,913 ,805 ,856 ,841 .925
• 801 .856 .831 .817 ,804
• e53 ,851 .809 .797 ,785

• 828 ,810 ,790 ,780 .770
• 800 .7_2 .?75 .76_ .757
• ?92 .778 .763 .755 .747
,778 ,766 ,793 .747 ,740
.760 ,7_8 ,7_7 .741 .735
,765 .756 .747 .742 ,736
• 76_ .?61 ,753 .749 ,744
,T?_ '.76_ ,762 .759 ,755
.700 .776 ,771 .768 .765

ETA * 1.137
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FLZW Card

This card initiates aircraft-oriented boundary-layer computations, where

the Reynolds n_mber R varies with the aircraft lift coefficient C L and the

local chord c. A local twist angle @, which must be specified relative to

the zero-lift line of the entire wing, can also be included. The values of

specified on the preceding ALFA card are considered as the local angles of

attack relative to the zero-lift line. If the values of e on the ALFA card

were specified relative to the chord line, they are converted to _ relative

to the zero-lift line by adding the zero-lift angle before they are used in

_hese computations. Thus, the aircraft lift coefficient is

C L : 0.Ii(_ + 8)

and the aircraft speed is

V 1
V ------

where

is the aircraft's speed at C L = 1 and g is the acceleration due to gravity.

To prevent V from attaining infinite values as C L _ 0, a max'_mum aircraft

speed Vma x is specified such that

V = minimum , V m
0.i + 8)

This speed V is used to calculate the Reynolds number

Vc

which, therefore, depends not only on the local angle of attack and aircraft

weight, but also on the local twist angle and local chord. Everything else is

processed exactly as it is for an RE card, including the print and plot modes

and storage of the summary of the results.

If NL_A _ 0, mpr = NUPE (If) and mpl m NUPI (II).

If NUPA = 0, mpr and mpl remain as previously set. The preset values

are mpr = 1 and mpl = 0.
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MU= NUPU(I3):

MUis the transition modeas defined in "RE Card." Fixed transition
(MU= 1 or 2) is allowed if the transition points are specified on a
preceding RE card.

F1 = W/S= wing loading (aircraft mass/wing area) in kg/m2 (F5.2)

F2 = Vmax = maximumaircraft speed in m/s (F5.2)

0.1F3 = p = air density in kg/m3 [F5.3]

If F3 = 0, p remains as previously set. The preset value is
0 = 1.229 kg/m3.

F4 = 106v = kinematic viscosity in m2/s (F5.2)

If F4 = 0, v remains as previously set. The preset value is
= 13.6 × 10-6 m2/s.

F5 = c = chord length in m (F5.2)

F6 = @ = local twist angle in degrees (F5.2)

(F7,F 8) = (c2,@ 2) and so on up to (FI3,FI4) = (c5,@ 5)

If F 5 = 0, the FLZW card does not initiate a boundary-layer computation.

Instead, the values of Vma x, p, and _ are stored for a succeeding

PLW card.

A sample FLZW card will be given after the description of the PLWA card.

PLW Card

This card initiates an aircraft-oriented boundary-layer computation which

uses the given aircraft data and results in a polar for the given aircraft. The

wing planform is specified and, therefore, the aspect ratio AR can be computed

and the influence of the local chord lengths on the Reynolds number can be con-

sidered. _lowing AR allows the induced-drag coefficient CD, i to be com-

puted from

1.03CL2

CD, i = ZAR

where the constant 1.03 assumes a good planform. The effect of wing twist is

not considered. The parasite-drag area Ap (= parasite drag/dynamic pressure)
is assumed to be a constant which means the aircraft parasite-drag coefficient

is
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=2
CD,p S

where S is the wing area.

If only the influence of various airfoil sections is to be evaluated for a

given aircraft configuration, the relative thicknesses of the airfoils must be

considered. For this purpose, the PLW card contains a special option which

allows the wing planform to be altere4 such that the absolute thickness of the

different wings is a constant. To achieve this, a reference thickness t*/c

must be specified and, if an airfoil having a thickness t/c is to be evalu-

ated, its chord lengths are multiplied by t*/t before any evaluations are

performed. A weight penalty due to the increased wing area which arises from

the greater chord lengths is also computed. This procedure allows the influ-

ence of the airfoil on the overall aircraft performance to be evaluated in a

somewhat more realistic manner _han if the same planform were used for airfoils

having different thickness ratios.

Everything else is processed as it is for an FLZW card. The values of

from the preceding ALFA card are used. Because the aircraft speed increases

rapidly as the lift coefficient is decreased, more values of _ should be

specified in the lower lift-coefficient range. The print and plot modes cannot

be changed by the PLW card. The values of Vma x, p, and v from the pre-

ceding FL_ card are used.

NUPA, NUPE, and _PI are neglected.

MU = NUPU (I3):

MU is the transition mode as defined in "RE Card." Fixed transi-

tion (MU = 1 or 2) is allowed if the transition points are speci-

fied on a preceding RE card.

O.01F 1 = t*/c = reference airfoil thickness [F5.4]

if F 1 < 0, t*/c = t/c = the thickness of the airfoil being evaluated.

If F 1 = 0, MU, t*/c, W*, DWS, _, and the reference planform remain

as previously specified.

F2 z W* = _he aircraft mass in kg (F5.2)

F3 z DWS = the mass penalty factor in kg/m 2 (F5.2)

lO-3F 4 = _ = the parasite-drag area in m 2 [F5.5]

F 5 = c* = the chord length in m (F5.2)

F 6 = db = the length in m of the spanwise section having chord
length c* (F5.2)

(F7,Fs) = (c_,db 2) and so on up to (FI3,FI4) = (c5,db 5)
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The wing planform is specified in words F5 - FI4 by spanwise sections of
constant chord length. A linearly tapered wing of 15-m span having a root
chord of 1.2 m and a tip chord of 0.6 m could, therefore, be described by three
5-meter sections (db = 5) having average chord lengths c* of i.i m, 0.9 m,
and 0.7 m. The sameplanform could be described by five 3-meter sections
(db = 3) having average chord lengths c* of i_14 m, 1.02 m, 0.90 m, 0.78 m,
and 0.66 m. Note that the sumof all of the db values must equal the span of

the aircraft, not the half span.

The chord length which is finally evaluated is

c = c* ---
t

The wing area is

t*
5 = S*--

t

where the reference wing area is

S* = _c* db

The aircraft mass is

W = W* + (S - S*) DWS

Thus, if no alteration of the planform is desired, F 1 must be.negative, which

sets t*/c = t/c. A sample PLW card will be given after the description of
the FLWA card.

PLWA Card

This card initiates some simple modifications to the polar generated by the

preceding PLW card. Thus a PLW card must precede a PLWA card, but any number
of PLWA cards can succeed one PLW card.

The PLWA card allows the wing area S, aircraft mass W, and parasite-drag

area Ap to be modified. Only the effect of these modifications on the lift

and parasite-drag coefficients is considered. Because the lift coefficients

are affected, so too are the aircraft speeds and the induced-drag coefficients.

No influence on the Reynolds number from the altered chord lengths and speeds

is considered. The profile-drag coefficients from the computations initiated by
the preceding PLW card are used.

NLrPA, NUPE, and NUPI are neglected.

NMOD = NUPU = the number of modifications (13)

64



L

F 1 = AS = the change in wing area in m 2 (F5.2)

F 2 = AW = the change in aircraft mass in kg (F5.2)

10-3F 3 -- 6Ap = the change in parasite-drag area in m 2 [F5.5]

The program adds ru_S to S, n_W to W, and n/_Ap to Ap and prints

the resulting polars, where n varies from 1 to _4OD. Thus, if ._MOD = 3,

three new polars would be generated if only one parameter is to be changed;

the other changes must be zero.

The following card sequence illustrates the use of FLZW, PLW , and PLWA

cards. Obviously, the two sets of cards must be preceded by the TRAI and TRA2

cards or FXPR card plus airfoil coordinates of the first and second airfoils.

TRAI and TRA2 cards or FXPR card plus airfoil coordinates (first airfoil),

_Lr_?.[r_:!14 000 I00 ;'00 300 400 500 600 7On. ,?00 ?on. l(_n.O lln.O 12.0,) I?0{,

Fi/_'H!l{_ _ 41.nOOlC'AOn. 12:-'9I_0 126! loro !0C, or.,.n. :gs_-16,0

._L.:'_ !.I _,0 gO II0 _.61_ _._C: 3-=i? TO{! 7CiC_ 900 ll{'O I'-"'_"I%-i?{!17'.":'_'1906'

_C" ? -14_J.nO0 TOO 46,00 I00 500 'gn. _0{, _.0 5C,{,

T.RA1 and TRA2 cards or FXPR card plus airfoil coordinates (second airfoil)

_:,:_ 3 T{, 300 000

PL?_A ?. 000 000 200
i

T

After _he design or analysis of the first airfoil, the above card sequence

initiates the following computations:

(i) An aircraft-oriented boundary-layer computation for a wing loading of

60 kg/m2; a maximum speed of i00 m/s (= 360 km/h); chord lengths of

1.2 m, 1.0 m, and 0.8 m; twist angles of 1O, 0O, and -i°; and angles

of attack from 0° _o 13 °
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(2) A polar computation including the corresponding aircraft-oriented
boundary-layer computation, for a reference airfoil thickness
ecual to the thickness of the given airfoil, an aircraft massof
400 kg, a masspenalty factor of 5 kg/m2, and a parasite-drag area
cf 0.04 m2 (Thewing planform is defined by a 5-m spanwise section
having a chord of 1.0 m, a 5-m section having a chord of 0.8 m, and
a 5-m section having a chord of 0.6 m. Thus, the span of the air-
craft is 15 m, the wing area 12 m2, and the aspect ratio 18.75. The
planfo_nnis independent of the thickness of the airfoii being evalu-
ated because t*/c = t/c. The maximumspeed is obtained from the
preceding FLZWcard and is, therefore, 360 km/h. The angles of

attack contained on the second ALFA card are specified such that the

high-speed end of the polar is analyzed as thoroughly as the low-

speed end.)

The x-y-v listings are suppressed by the first ALFA card. The boundary-

layer development listing and the corresponding plot are suppressed by the FLZW

card which specifies that only the boundary-layer summary be printed. If the

computation initiated by the FLZW card is not desired, this card still cannot

be eliminated but, instead, must be included with F 5 = 0.

After the design or analysis of the second airfoil, the final three cards

iniziate the following computations:

(I) The same aircraft-oriented boundary-layer and polar computations as

performed for the first airfoil, except that the chord lengths are

, t*

now c i = c i _-- where t* is equal to the thickness of the first

airfoil (Thus, the wing area is altered and a weight penalty is

assessed. If these alterations are to be suppressed, the PLW card

must contain F 1 < 0 although this cannot be specified without

repeating the other F-words as contained on the preceding PLW card.)

(2) Three additional polar computations, each based upon a 0.5-m 2 increase

in wing area and a 3-kg increase in mass starting from the values

contained on the preceding PLW card

(3) Two more polar computations, each based upon a 0.002-m 2 increase in

parasite-drag area starting from the values contained on the pre-

ceding PLW card, not the values generated by the preceding PLWA

card

CDCL Card

This card initiates the plotting of the boundary-layer summary which con-

tains the lift, drag, and pitching-moment coefficients including the viscous

corrections. The boundary-layer summary listed on page 60 is plotted in fig-

ure 16. The labeling of the various curves was not generated by the program

but was instead added to the diagram for clarification. Note that the abscissa

for the transition and separation curves is not x/c but, instead, 1 - s/c
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where s is the arc length of turbulent or separated flow. The curves for the

first MU-R pair are solid followed by up to four different types of broken lines

each of which corresponds to a different MU-R pair. It is possible to change

the types of broken lines which are drawn.

A CDCL card can also follow an FLZW or PLW card. It should be remembered,

however, that for these cards the Reynolds number varies with lift coefficient.

The curves which are plotted correspond to the various chord lengths and, from

the FLZW card, to the twist angles as well.

As previously described for the DIAG and STRK cards, it is possible to plot

the results from several computations in one diagram. The range of lift coeffi-

cients which can normally be plotted is from -0.4 to 2.4. If the lift coeffi-

cients to be plotted by the first CDCL card extend outside this range, the

c_-axis is automatically extended to encompass their values. This is not true

for the lift coefficients to be plotted in the same diagram by succeeding CDCL

cards. Accordingly, the upper and lower limits of the lift coefficients to be

plotted can be specified on the CDCL card. It should be noted that the lift-

coefficient range can only be extended and, therefore, the specification of an

upper limit of, say, 2.0 would have no effect. The upper limit only of the drag

coefficients to be plotted can also be specified on the CDCL card. This limit

can have any value greater than zero. The origin of the cd-axis is not nec-

essarily zero, however. If the minimum drag coefficient to be plotted is

greater than 0.01, which frequently occurs at low Reynolds numbers, the origin

of the cd-axis is automatically shifted in steps of 0.005. Thus, the boundary-

layer summary listing should be checked before labeling the cd-axis.

NUPA = 0 - The diagram containing the boundary-layer summary is plotted.

NUPA = 1 - The types of broken lines to be drawn are specified by the

F-words. The description of this option follows the details

of the diagram.

NUPE and NUPI are neglected.

mbt = NUPU (13) - This option allows several different sets of data to be

plotted in one diagram.

mbt = 0 - Axes are drawn, one set of data is plotted, and the diagram

is closed to further plotting.

mbt = 1 - Axes are drawn, one set of data is plotted, and the diagram

is open to further plotting.

mbt = 2 - No axes are drawn, and one set of data is plotted into the

existing diagram which is then closed to further plotting.

mbt = 3 - No axes are drawn, and one set of data is plotted into the

existing diagram which then remains open to further

plotting.
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Obviously, mbt is valid only for the one CDCL card in which it is

contained.

F 1 = CZ,mi n = the lower limit of the lift coefficients to be plotted (F5.2);
thus, if the lift coefficient to be plotted is

c I < Cl,mi n < -0.4, it will not be plotted

If F 1 = 0,

F 2 = Cl,ma x

If

F 3

F 2 = O,

Cl,mi n = -0.4.

= the upper limit of the lift coefficients to be plotted (F5.2);

thus, if the lift coefficient to be plotted is

c l > Cl,ma x > 2.4, it will not be plotted

Cl,ma x = 2.4.

is neglected.

O.01F 4 = Cd,li m
= the upper limit of the drag coefficients to be plotted

[F5.4]; thus, if the drag coefficient to be plotted

is c d > Cd,li m, it will not be plotted

If F 4 = 0, Cd,li m is essentially infinity.

If NUPA = i, the types of broken lines to be drawn are specified by the

F-words as follows:

F 1 - The five digits of F 1 are denoted n I to n 5.

F 2 - The five digits of F 2 are denoted m I to m 5.

F 3 - F14 = I i = the length of the line or the space in mm (F5.2)

If j is the number of the MU-R pair (or chord length-twist angle pair),

the line type is specified by mj numbers from the array li, beginning

with i = nj. The first length Ii (i = nj) is drawn with the pen down

(i.e., a line), the next length li+l, with the pen up (i.e., a space),

and so on. After the last length ii (i = nj + mj - I) is drawn (pen

up), the cycle is repeated starting with the first length i i pen down.

If mj = 0, a solid line is drawn. The variable mj must be divisible

by 2 and _8. The preset values are

mj = 0, 2, 4, 6, 8

nj = i, i, 3, 3, 3

ii = 5, 1.5, i0, 1.5, 1.5, 1.5, 1.5, 1.5, 1.5, 1.5
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Thesespecify the following line types:

j = 1

j =2

j =3

j =4

j=5

Pen down, 5 mm; pen up, 1.5 mm .

Pen down, I0 mm; pen up, 1.5 mm; pen

down, 1.5 mm; pen up, 1.5 mm .

Long lines = pen down, i0 mm
Short lines and spaces = 1.5 mm

C['C:LI III_50_44_ 500 _00 I00 _00 I000 200 _00 _00

The CDCL card above specifies the following line types:

j = 1

j =2

j =3

j =4

j = 5

Pen down, 5 mm; pen up, 2 mm .

Pen down, 5 mm; pen up, 2 mm; pen down,

1 mm; pen up, 2 mm

Pen down, l0 _n; pen up, 2 mm; pen down,

2 mm; pen up, 2 mm .

Pen down, i0 n_n; pen up, 2 mm .

FLOW CHART AND INPUT-CARD SUMMARY

This section presents a flow chart of the main routine of the program and

an input-card summary followed by some rules concerning the sequence of the

input cards.
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PRECEDIN_ PAGE E;LA_',IX ]']OI" FILMED

Precedingpageblank

i Reproclucecl frombest available copy. t_



Page

41

42

44

I 45

47

48

48

i

152

i

I 54
l
J
54

Colur_s i-4 i 5
i

Card name _'3PA '

rRAI

TRA2

ARSZ

FXPR

PAN

FL_P

AI.rA

I_UT-CARD

DIAG

STRE

6

_JPE

i 7 8-10 I 11-15 16-20

NUP: NUPU F 1 F 2

.A'-rfoil 1dentil _ca_ion _I (F5.21 _[ (FS. 2)
.umber

Airfoil identification _*(F5-2) _ (F5.2)
number

0 - Veloclt 7

d_sttibution

1 - Pressure

envelope

$TRK Prin_ and plot
modes

56 RE

PLW

PLWA

CDCL

E_E

61

0

i Print mode

] mtr

I I Print.od.1
m_e

0

1 IPrint mode

q =pa

i
0

l Print mode

mxy
Prlnt mo_e

i ripe

2 IPrint mode

i i m_y

1
i

1 i

I e !

l Pr _.nt mode

0 l mpr

I

l Print mode

mpr

I I

"ALFA card:

vlU= I 0

Cp i 2

(o) no

62

64

66

Plot mode

mxz

NC

MU

Plot mode

mpl

_U

N_OD

SDIAG card:

ARFA
(F5.2)

I_d la,t_d

aalxM 1_

cftc Yh/C
lr5.4] [F5.43

u I , deg Q2
(F5.2)

_.)

[rs.o] Ira.0!

21-25

F3

v 2

00000

00100

00200

e_C.

etc.

r,_,/2c

etc.

C l , _ C2 ItC.
Ir5.47

_u I 10-3R 1 MU2

lF5.3] IF5.0]

_/S, kqtm 2 Vma x, I/a C, kgl_ 3
(r5.2) (_5.21 [r5.3]

t'/c We, kq DWS, kg/m 2
[F5.4] II5.2i (F5.2)

AS, m2 AW, kg _, m 2

lF5.2) (F5.2) [r_.5]

(F5.2) (F5.2)

26-30

F4

6f, deg
(P5.2)

_2

I06_, m2/i

(F5.2)

cd,lim
[rs._]

31-35

F5

eta.

[_5._]

lF5.3]

mtC.

C1 ,
lF5.2}

(F5.2)

HUPZ - 0,

NUPI - 1,

._UPI - l,

F 1 - length of x-anii, i'm [r5.0] _ 0

F 1 - O.mi n, dig (_=.2) _ 0

F2 " _na.x, de_ (F5.2) # 0
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F 6

61-65 66-70 71-75 76-80

Fll F12 F13 F14

_¢HOD (r_.2} I_ [r5.3] I_o1(=0) [r5.3] Inte_jrat_on
scheme (F5.2)
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Rules for input-card sequence:

Card name Must be preceded by

TRA! ---

TRA2 TRAI card

ABSZ ---

FXPR ---

PAN TRA2 card

FLAP FXPR or PAN card

ALFA TRA2 or FXPR card

PUXY TRA2 or FXPR card

DIAG ALFA card

STRD ---

STRK TRA2 and STRD or FXPR and STRD cards

RE ALFA card

FLZW ALFA card

PLW FLZW card

PLWA PLW card

CDCL RE or FL_W or PLW card

DIAG and CDCL cards containing mbt = 1 or 3 initiate plotting into a diagram

which remains open to further plotting. These diagrams must be closed by a

card cf the same _ype containing mbt = 2 before a plot to be generated by

another card type can be initiated.

D!AG, PUXY, and STRK cards are not permitted between RE , FLZW, PLW ,
and CDCL cards.

SYSTEM-DEPENDENT FEATURES OF THE PROGRAM

LANGUAGE

The entire program is written in the FORTRAN IV language. No special

, options from any given computer system are used other than plotting routines.

Therefore, it should be possible to adapt the program to any computer having a

FORTRAN IV compiler. The only difficulty which has surfaced so far concerned

the DATA statements which initialized variables contained in labeled COMMON

blocks. These few DATA statements can be replaced by arithmetic expressions if

problems arise.

CORE-STORAGE REQUIREMENTS

The core-storage capability required to run the program depends on the com-

puter and the compiler to be used. On a Control Data 6600 computer system, the

program requires approximately ii0 000 octal or 37 000 decimal words of core

memory when the FTN compiler with OPT = 2 is used. However, if the usual num-

ber of points, 61, is used to define the airfoil, the matrix A(120,120), which

is the last array in blank C0_MON, can be reduced to A(60,60) or A(70,70) if
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flap deflections are to be analyzed. This saves i0 800 or 9500 decimal words,
respectively. In somecomputer systems, it is possible to truncate the blank
COMMONblock by simply specifying less memoryin the job cards. The array A
must contain at least 363 words, even if the analysis modeis not used, where A
is the array for the coefficient matrix of the equation system. The array A
is used in several subroutines for temporary storage purposes.

No overlaying or segmentation is done in the program. If this is desired,

it must be done by the user but it will not be easily accomplished.

INPUT AND OUTPUT

The input and output tape numbers are variables as follows:

ILES = input tape number (card reader)

IDRU = output tape number (line printer)

ISTA = output tape number (card punch)

Th_se numbers are transferred through COMMON/EA/ to all subroutines containing

READ or WRITE statements. A DATA statement sets ILES = 5, IDRU -- 6, and
ISTA = 4.

Carriage control of the printer is performed by function NZPZ(I,K). This

function internally counts the lines printed on a page and provides the first

character of each line in format AI. Function NZPZ works as follows:

I = 0 - No advance before printing

I = 1 - Space vertically one line, then print

I = 2 - Space vertically two lines, then print

I = 3 - Eject to the first line of the next page, then print

For I = 0, i, or 2, K more lines on the page of concern must be available

after the line to be printed. If not, a new page will be started by setting

NZPZ = NNESE. The number of lines per page is specified in line 8 of
function NZPZ

IF (M+NZEIZA.GT.46) GO TO 1

where 46 is the number of lines per page.

PLOTTING SOFTWARE

The program contains a number of useful plotting options. All the diagrams

are plotted by only a few subroutines. Subroutine POLZUG plots a polygonal
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solid line. A logical external function is included which allows the exclusion
of someareas of the plot. if nothing is to be excluded, function TRUEis
called. Subroutine SMOOTHplots a spline curve, calling subroutine POLZUG.
Subroutine ACHSplots x- and y-axes with linear or logarithmic scales, again
calling subroutine POLZUG.Subroutine BPLOTproduces broken lines and is only
called from subroutine POLZUG.

All of the plotting in the program is based upon four very fundamental sub-

routines: DEFINE,, TPLOT, GCLOSE, and FINISH. In their present forms, these

subroutines are adapted to plotting software used at NASA Langley Research

Cent_. Tc maintain _]e adaptability of the program to other software systems,

no labels are written on any of the diagrams plotted by the program.

Subroutine DEFINE(PL,Q,H,XU,XO,YU,YO) prepares for plotting variables x

and y in a frame Q mm long in the x-direction and H nun long in the y-direction.

The 9arameters in this subroutine are

XU = the x-value at the left end of the frame,

XO = the x-value at the right end of the frame,

Y_ = the y-value at the bottom of the frame, and

YO = the y-value at the top of the frame.

Scaling mus_ be performed such that the variables x and y appearing in sub-

routine TPLOT are plotted correctly within the defined frame, in the present

version of the program, this is accomplished by COMMON/GRMIN/ (which is unique

to NASA Langley Research Center) as well as the four statements which set the

values of the variables contained in COMMON/GRMIN/.

If the software system to be used requires an initialization prior to the

f_rst _!ot, _his musk be done between the statements "IF (MPL.EQ.I) GO TO i"

and "MPL = i" in subroutine DEFIh_. The statements "CALL PSEUDO" and "CALL

LEROY" initialize'the plotting system used at NASA Langley Research Center.

Thus, the statements which must be adapted to the software system to be used

are "CALL PSEUDO" and "CALL LERCY," "CALL CALPLT(...)," COMMON/GRMIN/, and the

four statements which set _MIN, YMIN, XSCALE, and YSCALE.

The logical variable PL can be used for switching from one plctting unit to

another. This is accomplished in subroutines GRP, DIAGR, and CDCL by using the

pen number ISTIFT, which is normally 1 although it can be set in the main rou-

tine. The variable ISTIFT also permits the use of different pens on a given

plotter. In the present version of the program, neither the switching of pens

nor the switching of plotters is performed.

Subroutine TPLOT(X,Y,NPEN,NORIG) moves the pen from its present position

to the point (X,Y) in the coordinate system specified by subroutine DEFINE.

During the movement of the pen, the pen is up if NPEN = 0 and the pen is down

if NPEN _ 0. NORIG is the variable by which the origin of the coordinate
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system can be shifted. This variable is not used in the present version of the
program. All the statements in subroutine TPLOTexcept the first one and the
last two are unique to NASALangley ResearchCenter.

Subroutine GCLOSEterminates a given plot. In somesoftware systems, it is
possible to accomplish this by shifting the origin Q mm + some space to the

right. In this situation, it is necessary to transfer Q via labeled COMMON

from subroutine DEFINE to subroutine GCLOSE. The statement "CALL NFRAME" does

this automatically but is unique to NASA Langley Research Center.

Subroutine FINISH terminates all plotting and can be used if the plotting

software requires additional processing after completion of the final plot. The

statement "CALL CALPLT(0.,0.,999)" is unique to NASA Langley Research Center.

CONCLUDING REMARKS

A method for the design of airfoils with prescribed velocity-distribution

characteristics, a method for the analysis of the potential flow about given

airfoils, and a method for the analysis of boundary layers have been combined.

With this combined method, airfoils with prescribed boundary-layer character-

istics can be designed and airfoils with prescribed shapes can be analyzed.

The design method is based on conformal mapping. The potential-flow analysis

method employs panels with distributed surface singularities. The geometry of

the panels is determined by a spline fit of the airfoil coordinates, with the

end points of the panels being the input airfoil coordinates themselves. The

singularities used are vorticities distributed parabolically along each panel.

The boundary-layer method is an integral method which can be applied at Reynolds

numbers from 2 × 104 to 1 × 108 . A FORTRAN IV computer program for the numeri-

cal evaluation of these methods is available through COSMIC. The program and

its input options are described in detail.

This program, then, represents a mathematical model of the two-dimensional

viscous flow around airfoils - a computer wind tunnel. The cost of a computer

analysis of an airfoil is significantly less than the cost of the corresponding

wind-tunnel test. Thus, wind tunnels should be employed increasingly to per-

form investigations concerning fundamental phenomena. The results from such

investigations could then be incorporated into the computerwind tunnel and,

thereby, allow airfoils to be theoretically developed for specific applications

with a high degree of confidence.

Langley Research Center

National Aeronautics and Space Administration

Hampton, VA 23665

March 14, 1980
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APPENDIX

PROGRAMLISTING

9

11
Z

12
la,

3

PROGRAM PROFILE (INPUT;OUTPUT,TAPE6;TAPESpTAPE6_
DIMENSION XF(1Z1)pYF(ZZZ)gBETAF(1ZIL

DIMENSION AM(7_?)pAV(?)
DIMENSION V(14)eMARKEN(ZO)_ALCA(l_)eCAE(Z)

DIMENSION RE;5)eMA[5)eMU(5)eT(4Z)

DIMENSION TM(5)pALS(5)eRER(5)pMUR(5)

DIMENSION TST(5)pBANT(5)pCW(SpZp14)pSU(5_Z,14)_SA(5_ZP14)

COMMON p_(1ZIIppilz1)pXp(121)pyP(lZ1)_PUFF(16)eAGAM(14)pX(1Z1):P
1YllZZl,CS(12Z)pVF_IZ1)pARG(121)_AN.I(ZB)pALFA(Zq)PIZZ_KFUeNQ'NUPROP

ZjAB,jST_CMpETA, ABFApPIpBOGENeDARGpPURES(Z3)pFUW(bOpT)pRS(bO|
COMMON XTF,SMA, XFL{IO)PGAMHA[1ZlpZ)pAMAT(1ZO_IEO)

COMMON IGRZKFCDKpAA(7]pBB(7)
COMMONIPRALIDLT, DLTU,ALNjALV(16)pNAL,ITP_NAHP(IZ)pCHL(Ik)pCRL(14)

1 ,CPV(Z),ALTX(4, Z),DARF,ITITlpITITZ
COMMON/PLTM/MPL_MGC_XZEHeYZEH_MSPL}-_--
COMMONIEAIILES,IDRU, ISTA, NNESE
COMMONITRIT/DLVpSUMP_XTRI(6)_NUeND

COMMOH /LINING/BROKL(1Z)_NLINE(5),NPAR(5)_J
E_UIVALENCE(XF(1),FUW(1,1))_(YF(1)_FUW(3_3)}_(BETAF(1)'FUW{_))
EQUIVALENCE (CW(1,1_I]ePI(1))_(SA(I,I_I|,P(2O))_

I (SU(1,1,1)_XP()_))

DAT_ II. ES_IDRU_ISTA_NNESEIS,b_6_IHI/
DATA _ARKEN/6HTRAI_HTRAZ,6HALFA_6HAGAH_HABSZ_6HSTRK_6HENDE_

I_HDIAG_4HRE _4HSTRD_4HFLZW_4PPLWA_6NPLW _4HTRF e6HAPPR_4HCDCL_

Z6HPAN ,6HFXPR_4HFLAP,6HPUXYI
DATA CPV/RHVELOCITY _RHPRE$SURE #_ALTX#6H ZER_¢HD-LI_6HFT L_

*;MINE _¢H CHO_6HRD L_6HINE _6H I_KBLTIIH I

DATA MGC_ISTIFT_MXZ_CDKIO,I_-I_.011
DATA ZAEN_DICHTEI13.6E-b,.125331

MPL-O
PI • 3.141592654

BOGEN • O.01745329251qq
ABFA " 1.0

AGAM(2)'I.

AGAM(_)=I.

AGAM(6)'I.

AG_M(8)=C.

AGAM(lO)'I.

MTR=O

READ(ILES_ZIMARKE_NUPA,NUPE*NUPI*NUPU_PUFF

FORMAT(A_3It_I3_I_F_.Z)

DO 1Z I=l,ZO
IF (MARKE,EQoMARKEN[I)) GO TO I_

CONTINUE
WRITE(IDRU_3) MARKE
FORMAT (11H INCORRECT _A6_SH CARD)

GO TO 11
TRA1TRAZALFAAGAMABSZSTRKENDEDIAGRE STRDFLZWPLWAPLW TRF APPRCDCL

PAN FXPRFLAPPUXY

_t

',5
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13 GD TO(15,22,333,14p142,90,150,104,30,112,30,71_60,14,14,160,
*lTOpl8Op19OplO6}pI

C TRA1 CARD
15 NUPRO=NUPU+IOODeNUPI

ZF(MTR.EQ.O)JST=O
Z-O

18 I-l÷l

ANRI=RUND(PUFF(I)*ABFA,IO00.)
IF(ANRI.NE.O.)GO TO 20
IF(JST.NE.O)GO TO Z1
JST-MTR+I

ZO MTR-HTR+I
ANI(MTR)aAHR!
1-I+1
ALFA(HTR)=PUFF[I)

%F(I.NE.16)GO TO 18
Z1 JAB=_TR

GOTO ll

C TRA2 CARD

22 O0 23 1-1,13
23 PURES[I)=RUNO(PUFF(1)91000.)

MSPLI=O

ITP'O
IZZ-INT(PUFF(14))
CALL TRAPRO

XOA=O.
YDA-O.
DEFLG-Oo

GO TO 9

C RE CARD
25 IF(PUFF(Z).EQ.O.) GO TO 28

DO Z7 J'l_
RERX" PUFF[Z'J)

IF(RERX.EQoOo)GO TO 26
RE(J)sl. E5*RERX
IPU • INT(PUFF(Z*J-Z))
HA[J) • IPUIIO0

HU(J) • IPUIIO - IOSMA(J)
Z7 JR s J
Z6 DO Z9 J=l,4
29 XTRI(J)-PUFF(J+IO)e.01
Z8 CALL GRP(HALpREpMUpJRpISTIFT)

RSPLI-O

JP-JR
GOTO 11

C FLZW CARO
30 IF(NUPAoEQ.O) GO TO 31

AGA_(6]mFLOAT(NUPE]

AGAM(e)=FLOAT(NUPI)
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31 IF(I.EQ.9) GO TO Z_

IFIPUFF(Z),EQ,O,) GO TO 3b

GDF " PUFF(l)
VMAX " PUFF(Z)
IF(PUFF(3)eNE.Oo) DICHTE - °1*PUFF(3)09°806

IF(PUFF(4).NE.O.)ZAEH - PUFF(4)*I.E-6
IF(PUFF(5).EQ.O.) GO TO 50

D ° O.
DO 34 J " 1,5
JZ = 25J + 3

IF(PUFF(JZ)oEQ.O.) GO TO 3b
TM{j)mPUFFCJZ)
ALS(J)-PUFF(JZ÷I)

MURIJ) = NUPU
34 JT = J
36 IZT=HZPZ(Z,b*NAL+Z)

JPaJT
WRITE(IDRU_37)IZT, NAMPp(ALTX(J_ITITE)_J=lt4)

37 FORMAT (Al_36HAIRCRAFT-ORIENTED SUMMARY AIRFOIL ,12A1J3X_

*31HANGLE OF ATTACK RELATIVE TO THEp4A4)
IVMAX=INT(VMAX*3.6)÷Z

IZT=NZPZfZ_O)

_RITE(IDRU_38)IZTpGDFpIVMAXpOICHTEPZAEH
38 FORMAT (AlpbH W/$ =pFb°ZpBH KG/SQoM, 3XgTHV MAX a,I4,SH KNIHp3X_

_SHRHD =_FS.3PI3H KGtS EZIM E4p3X,4HNU -pFIO.B,?H SO.M/S)

IZT=NZPZ[ZpO)
WRITE(IDRUJ40)IZTp(KBLTpTM(J)pAL$(J)pJ=IjJT)

40 FORMAT (AI_SX_5(Alp4X_3HC =,FS.Z_SH THETA "pFS°Z))
_1 V1 • SQRT(Z.¢GOF/DZCMTE)

DO 48 I"I_NAL
IVS = -I

DO 66 J = lpJT

IF(ALV(I)-ALS(J))4Zp44,4Z
4Z VALF - VZISORT(.ZI*ABS(ALV(I)-ALS(J)))

IF(VALF - VMAX)46,4b,64
44 VALF - VRAX
_6 RER(J) • VALF*TM(J)IZAEH

48 CALL GRP(IVSsRERpMUR_JTplSTIFT)
MSPLI-O

49 IF(D)TZpSOpT2
50 GO TO 11

PLW CARD
bO IF(PUFF(1})6ZPbSp62
62 DST • PUFF(I)*.01

GST = PUFF(Z)
DGF • PUFF(3)

CWSF • PUFF(4)*.O01
DO 66 J • i_5

JZ = 2'J+3
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IF(PUFF(JZ))64_68p6¢
6_ TST(J) • PUFF(JZ)

8ANT(J) • PUFF(JZ_I)

MUR(J] - NUPU
66 JT a J
68 8F • O.

FST • O.
NF = 0

CALL OIAIXpY,NQeO)
IF(OST.LT.O.) OST " 0

O0 70 J • 1,JT

T_(J) • TST(J]*OSTID
AL$(J) " O°
8F • 8F + BANT(J)

70 FST • FST + BANT(J)*TST(J)
FF • FST*OSTID

GEW • GST ÷ (FF-FST)*OGF
GOF • GEWIFF

GO TO 36

PLWA CARD
71 NAN • NUPU

CWSFU=CWSF
FAU • FF

GAU - GEW
DO 88 NF " 1,NAN
FF - FF+PUFF(1)
GE_ = GE_+PUFF(2)

CWSFsCUSF+.OOI*PUFF(3)
Vl • $QRT(Zo*GEW/(OICHTE*FF))

72 IZT"NZPZ(3,NAL_IO)
URITE(IDRU97_)IZTpNAHP

7¢ FORHAT (AlpZSHAIRCRAFT POLAR
CWS • CWSFIFF
IZToNZPZ(2_O)
WRZTE(IORU,76)ZZT

AIRFOIL ,1ZA1)

76 FORMAT (Alp39H B(M) S($Q.M) S*($G.M) W(KG)
*3X,3HTICp3XpbH(TIC)eeZX_SHAP(SQ.M)_ZX,SHCDP)

]ZT•NZPZ(1,0)
_RITE(IDRUp78)IZTpBFpFFpFST, GEWpGST_O,OST, CMSF_CM$

78 FORMAT (AlsF6.Z, ZF8°2sEFS.Op6FS.6)

IZT'NZPZ(E;O)
WRITE(ZDRU, eO)IZT

80 FORMAT (Alp56H ALPHA CL COP COT V(KMIH)

e/D)
DO 86 I • 1,NAL
CA e O.

CWP • O.
DO 82 J • 1PJT
BATFefiANT(J)_TST(J]IFST

hle(KG)_

V$(I_IS)
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CALL VISC(IpJpCANTpCWNT,CMDU)

CA=CA+CANTeBATF
82 CWP-CWP÷CWNTeBATF

CWGE$ = C_P + C_S ÷ 1.O3*CAeCA*FFI(PIeBF*BF)

IF(ABS(CA).LT..OZ)CA=.01
VKHH • 3.6eVZISORT(ABS(CA))

VS = VKHH*CWGESI[3.b*ABS(CA])
GLTZ • CAIC_GES

IZT-NZPZ(1JO)
84 WRrTE_IDRU_B6) IZTgALV(I)_CApCWP,CWGESpVKRHpV$*GLTZ

8b FORHAY (AlpFb. Z_FBo3pZFB.qpF8.1_Fq.3pF8*2)
IFINFoEOoO! GO TO 50

8B CONTINUE
CWSF " C_SFU
FF"FAU

GEW " GAU
GO TO 50

C STRK CARD
qO IF(NUPU)96_OO_gZ

9Z NT " O
9_ DO 98 J • lp16

IF(PUFF(J]) 9bp100996

96 NT • NT ÷ 1
98 T(NT) • PUFF(J)*IO,

1F(IABS(NUPUI°GTo16) GO TO 11
_00 CALL STRDR(TpNT)

ZF(NUPI°MEoO] GO TO 11

DO IOZ I = I_NT

10Z CALL STRAAK(T(1)pRUA_YBLpMXZ#ISTIFT)
GO TO 11

C DIAG CARD
10_ CALL DIAGR(ISTIFTpNUPUpNUPI|

GO TO 11

C PUXY CARD
106 CALL PUDECK

GO TC 11
C STRD CARD

llZ IF(NUPU.NE.O) RXZ = NUPU
IF(PUFF(1).NE.O.) YBL • IO0.*PUFF(I)
IF(PUFF(Z)oNE.O,) RUA • 100.ePUFF(Z)

GO TO 11
C ABSZ CARD

14Z ZF(NUPA,NE,O) AGAR(3)=FLOAT(NUPE)
IF(PUFF(Z)oNE.O.) ABFA=PUFF(Z)
GO TO 11

C ENDE CARD

150 IF(MGC.NE°O) CALL GCLOSE
IF(HPL.NE.O)CALL FINISH

STOP
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COCL CARD

160 IF(NUPA.EQ.O)GO TO 166
BLI=PUFF(1)+,O05
BLZ'PUFF[Z)÷.O0_

00 162 K=Ij5

NLINE[K)'INT(BLI*(IO.e_(K-3)))-IO*INT(BLI*(IO.**(K-_)))
16Z HPAR[K) =INT(BLZ*(IO.**(K-3)))-IO*INT(BLZ*(IO.e*(K-6)))

00 16_ K'lplZ
16' BROKL(K)=PUFF(K+2|

GO TO 11

166 CALL COCL(NUPUpJPjISTZFT)
GO TO 11

C FXPR CARD
180 ZTP=NUPU

CALL FIXLES

MSPLI-O
C PAN CARD

I70 IF(MSPLI.EQ.O)CALL SPLITZ(XpYpNQoXP)
IF(NUPA.NE°O) AGAM(IO)=FLOAT[NUPE)
IF(NUPA.EG°9) GO TO 11

DO 172 I"1,1'
ZF(PUFF(I).EQ.O.)GO TO 17Z

MEIGaZNT(PUFF(;))
MEIoMEIGIIO
KEI =MEIG-IO*MEI
XSTX=ABS(PUFF(I)-FLDATIMEIG))

CALL PADD(XpYpXP_NQ_MEI,KEIpXSTX)

17Z CONTINUE
DD 17' I'I,NQ

XF(1)-X(1)

YF(1)aY(I)

176 BETAF(1)-XP(1)

DLTR=DLT
DLTUR=DLTU
XOAeO,

YDA=O°
FLCH=O°

DEFLG=O,

NQRSoNQ
176 NKR-NQ-I

CALL PANEL(NKR_AHAT_GAMMA_CAE)
DARG • ALN
GO TO 11

C _FLAP CARD
190 CHORD • XF(1)

FLCH-PUFF(1)

XDA-(1.-.O1*FLCH)*CHORD
YDA-,OI_PUFF(Z)*CHORD

4RCL=.OltPUFF(3)*CHORD
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DEFLG-PUFF(4)
DLT-OLTR+DEFLG

DLTU=DLTUR-DEFLG
DEFL=DEFLG*BOGEN
ARCLU=,OI*PUFF(5)eCHDRD

MSPLI=I
CALL FLAP(XF,YF, BETAFpNQRSpXDA_YDAJARCLpARCLU_DEFLpX_YpXP_NQ)

GO TO 176
ALFA CARD

333 IF(NUPA,EO.O) GO TO 330

HOR&G=NUPA
AGAR(Z|=FL. OAT(NUPE)

IFINUPAoEQol) AGAM(10)-FLOAT(NUPE÷I)
330 IF(NUPU°EQ°O) GO TO 335

DO 331 I=lJ14
331 ALCA(1)-PUFF(1)
3ZB ZTITZ=NUPIIZ+Z

ITITZ_NUPI-E*ITITZ+3
DARF=O°
ZF(ITZTZoHE°2)DARFnZo
NAL=ZABSfNUPU)
ZF(NAL°GT.I6)NAL=4

335 00 334 I=I_N&L
PA=_LCAII)
IF(PA.LEo-99.) PA-RS(3OeI)
IF(PA.GT°-99°) P_PA+DARFeDARG

33_ ALV(I)-PA
CALL _ORENTIXpYpNQpXDApYDA,DEFLG_RORAG)

IF(AGAM(Z)°EQoO.)GO TO 11
HZF=NO_3
IF(ITP.EQ.Z.ANDoAGAN(ZO),EQ.I°)NZF=O
CALL DIA(XpY;HQpTHK)
THKP=IOD**THK

00341 N-ZpNO

NDuN-Z
XDR=X[N)
YDR=Y(N)

DO 340_=IpNAL
V(M)_ABS(VPR(NgM))
VOml,-V(M)eV(H)

%F(ZTZTI.EO.Z)V(M)mVG
340 CONTINUE

NZT=NZPZ(I_NZF)
IF(NZT.NE.NNESEoAND.N.NE.I)GO TO $41

NZF:O
00 339 _=lpNAL

339 P(R)-ALVKM)-DARF*DARG
33Z IF(ITP.EO.1)WRITE[XDRU_33?)NZTpNUPRO_THKPp(P(R)_Hml_NAL)

337 FORMAT |AlpSHAIRFOIL sI6pFB.ZtlHZpFR.ZP13FS.2)
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IF(ITP.EO.Z)WRITE(IDRU, 336)NZTeNAMP,THKPpFLCH,OEFLG,(P(M),M=[,NAL)
336 FORMAT (A1,8HAIRFOIL ,1ZAlpF8.2JllHZ THICKNESSpFIO.Z,6HX FLAP,

eF8.Z,19H DEGREES DEFLECTIONIZSX, 16F8.Z)
IF[ITP.EQ.Z)NZT=NZPZ(ZtO)

NZT=NZPZ(1,0)
WRITE(IDRUp338)NZT_CPV[ITIT1)e(ALTX[M,ITITZ)eM=le4)

338 FORMAT (AZeSH Ns7X,1HXeSXplHYtSXpAg,bOHOI*TRIBUTIONS FOR THE ABOV

*E ANGLES OF ATTACK RELATIVE TO THEt¢A¢)

NZT=NZPZ(Z*O)
361 WRITE(IDRUpSkZ)ND,XOR ,YDR _(V(M)pM=I_NAL)

36Z FORMAT (I4,FZO.SpFg. Sj16FS.3)
IF(ITP.EQoZ)GO TO 11
NZT=NZPZ(1JO)
WRITE(IDRUp366)NZTpOARGpCMpETA

366 FORMAT (A1,.8HALPHAO =#FS,ZpSH DEGREESeSX,_HCMO -,FT,6, SX,
*SHETA -_Fb.3)

GOTOZZ
END

SUBROUTINE PAOO(X.YpBETA, NQ,MEI_KEI#XST]
DIMENSION X(bS)eY(65),BETA(6_)

COMMONIPLTMIMPL,MGC, XZEH, YZEH,MSPLI

IF{MSPLI.EQ.O)CALL SPLITZ(XpY,NQ, BETA}

M-NEI

K-KEI

IFfM.NE.O)GO TO 16

XV'X(Z)
DO 10 I'2_NQ
XM-X(1)

DXeXM-XV

IF(KoGT.O. AND,DX,LT.O,)GO TO 10

IF((XH-XST)*DX,GEoOo)GO TO 12
10 XVoX_

I"NQ

12 M-I-I

K-I

16 XO"X(1)
XM=X[M)

XMP=X[M+I]

DX=XNP-XM

PHZ'ATAN2(SQRT(XH*(XO-XM))pXM-._*XO)
PHZeATANZ($QRT(XMP*(XO-XMP))*X_P-.5*XO)
OY'Y(M+I)-Y(M)
OLTA=ATANZ(OX,-DY)

GA=BETA(M)-OLTA
GAS-OLTA-BETA(M+I)
TGeSINfGA)ICOS(GA)

TG*mSIN(GAS)ICOS(GAS)
KS=NQ

Z KR'K$+K
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X(KR)-X(K$)
Y(KR)sY(KS)
BETAiKR)=BETA(K$)

KS=K$-I
IF(KS.GT.M)GO TO Z
FKP-FLOAT(K+I)

DO 4 KE'lpK

X!oFLOAT(KE)/FKP
IF(XM.GE.XST.OR.XRP.GE.XST)XI-(.5*XOe(1.÷COS(PHI+XI*(PH2"PH1)))

1 =X_)/DX
IF(MEI.EQ.O)XI=(XST-XM)I(XMP °xM)

ETa.XI,II_-XI)*(TG*(I.-XI)+TG$*XI)

ME_M÷KE

X(ME_=X(M)+XIeDX-ET&*DY
y(HE)=Y(M)÷ETA*OX÷XIeDY

4 8ETAIMEI=ATANITG,ll.-XII.ll.-3.*XII÷TGS*XIelZ.-3.eXlI)÷DLTA

NO=NO÷K

RETURN
END
SUBROUTINE ROMENT(XpYpNQ_XD&PYDApDEFLGpMOMAG)

DIREMSION X(NC)pY(NQ)

CO_ON#EAIILES_IDRUtISTApNNESE
CD_MON/PRAL/DLT_DLTUpALN_ALVll4I_NAL_ITPpNAMPIIZlgCMLII6lpCRL(16)

1 _CPV(Z)pALTXI4pZI_OARFpITITIplTIT2

IF(NOMAGoNE01) GO TO 6
NZT=NZPZ(ZpNAL÷4)
WRITE(IDRU_I)NZTpNAMPpXDApYDA

1 FORMAT (AIpBHAIRFOIL plEA1J3X_ZZHHINGE POINT AT X/C -P

=_b04p3XpSHY/C m_Fb.6)

NZT_NZPZ(I_O)
WRITE{IDRU_Z)NZTpDEFLG
FORMAT (Alp6H ALPHAp6XpZHCRpTX,ZHCMp6X_THDELTA

DO 31 MmI, NAL

XD=oZ5
YDoO°
DO ZO K=I,Z
SWITCH"I.
DROV--I.

DX=X(1)-XD

DY=Y(1)-YD

ROV=DX_DX+DYeOY
VQV=VPR{lpM)**Z

CR=Oo
DO 10 IaZeNQ
DXsX(I)-XD
DY=Y(1)-YD

RQ=DX*DX÷DY_DY
DRO=RQ-ROV
VQ=VPR(IeM)**Z

• _Fb.Z_8M DEGREES)
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IF(XO.EQ.O..OR.K.EQ.1)GO TO 5

IF(ORQV.GE.O..OR.DRQ.LT,O,)GO TO 5

CR=CReSWITCHeRQV_VQV
SWITCH=-SWITCH

IF(SWITCH.GT,O.)CR-CR÷RQ*VQV-RQV*VQ
RQV-RQ
DRQV=DRQ

10 VQV'VQ

CR=.ZS*CR
IF(K,EG.1)CN=CR
XO=XDA

20 YO-YDA
CML(N)-CM
CRL(M)-CR
IF(HOMAG.NE.1) GO TO 31

NZT=NZPZ(lpO)
30 WRITE(IDRUp32)NZTgALV(M)_CM_CR

31 CONTINUE
32 FORMAT (AI_Fb.2, Fg.4pFlO._)

RETURN
END

SUBROUTINE $PLITZ(X,Y,NQpBETA)
CQHHONIEAIILES,IDRU, ISTA_NNESE
COHMONIPLTMIMGC,MPL_XZEH, YZEH_MSPL[

COMMON GAPl(llT_)pIGAP(b)_GAP3(753)pU(1ZI),V(121),OS(ZZZ)
DIMENSION X(NO),Y(NQ),BETA(NQ)

DATA DBSOLLII,E-61
HSPLI-1
NK'NQ-1

DO 10 N-I_NQ

XN'X(N)
YNsY(N)
IF(N.EQ.1)GO TO 8

DX'XN-XV
DY-YN-YV
H'N-1

AN-SQRT(DX*DX+DY*DY)
DS(M)-AN
IF(M.EQ.1)GO TO 8

U(M)-DIVeOX÷DYV*DY
V(M)-DXV*OY-DYV*DX
DDs-(AVI(AV+AN))*ATANZ(V(M)tU(N))

BETA(H)-SZN(DO)ICOS(DD)
6 AV'AN

DXV'DX
DYV'OY

8 XV'XN
10 YVmYN

BETA(NC)'O,

f
° i
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1Z

NIT=O

OBM=Oo
NITmNIT+I

AVmDS(I)

GS=BETk(2)
GN=oS*GS
DO 2O'N=2pNK

UN=U(N]
VNmV(N)

GP=(UH*GS_VN)I(VN*GS-UN)

ANaDS(N)

GPS'BETA(N_I)
IF(NoEQoNK)GPSa. SSGP

GSO"GS*GS
GPQoGP*GP
E=AVe[Z._GP-GPS)_II._GPQ)-ANS(Z._GS-GN)*(1.÷GSQ)

ES-AN÷AV
IF(GSQ+GPfl. LT.oOg)GO TO 1B

ES-AV*(1.+3.*GPQ-GP*GPS)*(UN-GP*VN)I(UN-GS*VN)+AN*(lo+3.*GSO

i -GS_GN)
18 DE- .StEtES

IF(DBM.LToABS(DE)IDBM=ABS(DE)

GS-GS+DE

BETA(N)=GS
AVmAN
GN_(UN_G$÷VN)/(VN_GS-UN)

ZO GSaGPS
IF(DB_oGIoDBSOLL.AND.NIT°LE°IS}GO TO 1E

DO 30 Nel#NQ
XNaX(N)

YN"Y(N)

IF(N,EQ.I)GO TO 28
DXmXN-XV

DYmYN-YV
DLT=ATANZ(DX_-DY)
IF(N.EQ.Z)BETA(1)=DLT_ATAN(.SeBETA(2))
BETA[N)=DLT-kTAN(BETAIN))

Z8 XV=XN
30 YV=YN

BETA(NQ)=DLT-ATAN(°5*GN)
RETURN

END
SUBROUTINE

NQF)

DIMENSION

I NPA(Z)
DO 2 N'ZpNQ
XF(N)=XfN)

FLAP( Xp Y_ BETAsNOe XDA_ YD&_.ARCL•ARCLUJ, DEFLp XFe YFJ, BETAFe

X(NQ)e Y(NQ) j, BETA(NO )_ XF (NQ)_YF (Ng)e BETAF (NQ) j, NAB(2p Z )#
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I0

IZ

YF[N)=Y(N)
BETAF(NI=BETA(N]
NOF=NO

NSUCH=NQIZ

O0 2Z M-I,2
AQ=L.EIO
00 10 N-1,NSUCH

NP-N+(M-1)eNSUCH

DTX=XDA-X(NP)
OTY=YDA-Y[NP)
ANQ=DTX_OTX+OTYSOTY
IF(ANQ*GE*AQ)GO TO 10

NDP'NP
AQ=ANQ
OBT=AT&NZ[DTYpDTX)-BETA[NP)

CONTINUE
IF(SIN(DBT).GE.O*)NDP'NOP-I
XVOPaX[HDP)
YVDP=Y(HDP)

DX=X(NOP÷I)-XVDP
DY=YINDP+I]-YVDP

DLT=ATANZIOXp-OY)
GA=BETA(NOP)-OLT

GAS=OLT-BETA(NOP÷I)
TG=SIN(GA)ICOS(GA)

TG$-SIN(GAS)ICOS(GA$)
U=XDA-XVOP
V=YDA-YVDP

SOL-SIN(DLT]
CDL-COS(DLT]

OL=$ORT[DX_OXeOY_OY)
XIDA=(U*SOL-V_COL)IOL

ETAOA=(U*CDL+V*$OL)IOL
XIT'XIDA
XKP=I.-XlT

OEZT=ETAOA-XITS_KPe(XKPSTG+XIT#TG$)
XlN=XIDA+OEITt(XKPt(Z.-3.tXIT)eTGeXlTe(3.tXKP-I*)_TG$)

IF_AB$(XIN-XIT],LT,,OOOO1)GO T_ 14

XIT'XIN

GO TO 1Z
AA=OL,SQRT((XIT-XIOA)*(XIT-XIDA)÷OEITeOEIT)
AL=ARCL+SZN(._OEFL)_$ZGN(A&pDXtOEIT)
IF(ARCLUoGT..OOOO1.ANO,DX.GT, O.)AL'AL-ARCL÷ARCLU

IF(AL.LT,.OOOI_X(1))AL=.OOOleX(1)

XSTmXKP
DO ZO L"I,Z

ND=3-ZSL
&LR--XSTSDL-AL
NR=NOPeL-I
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Ib NV=NR÷ND

DXSeX(NV)-X(NR)
DL$_SORT((Y[NV)-Y(NR))**2eDXS*DXS)
IF(ALR°GE°Oo)GO TO IB

ALR=ALR+DL$
NR=NR-ND
DXLV=DXSIDLS

GO TO 16

18 XB_-X(NV)÷ALR_DXLV
NDU=Z_._q--3
CALL PADD(XF,YF_BETAF_NQF,OpNCU, XBR)
NAB(N,L)=NV_ZeP,.--Z

20 XST-XIT

Z2 CONTINUE

CDF-COS(DEFL)

SDFoSIN(DEFL)
M=I
N-1

DO 30 L=I_NQF
XF(fl)=XF(L)

YFIN)-YF(L)
BETAF(N)-BETAF(L)

IF(L.EQ,NAB(M_I))NPA(M)eN

IF(L.GT,NAB(lpl).AND,LoLT.NAB(ZpZ))GO TO Z6
BETAF{N)=BETAFtN)-OEFL
DX=XF(N)-XDA
DY-YF(N)-YDA

XF(N)-XDA+DX*CDF+DY#SDF
YF(NI-YDA-DX*SDF+DY_CDF

26 IF(L.EQ.NSUCH)_o2

IF((L-NAB(Mp1])*(L-NAB(RpZ))oGE,O)N-N+Z
30 CONTINUE

NOF=N-1

CALL PADD(XFpYFpBETAF_NOFgNPA(Z)j3pXF(Z))
CALL PADD(XF_YF_BETAF,NOFpNPA(Z)j3pXF|Z))
RETURN
ENO

SUBROUTINE PANEL(NKeApGAMMApCAE)
COMMON PZ(IZ|)_PtlZI)PXPtlZ1)_YP(ZZ1)PPUFFtI4)JAGAM(Z4)pX(lZIIp

1Y(1Z1)pDS(1ZZ],VF(121),ARG(1Zl|_ANI¢2B)_ALFA(Zg)pIZZ_KFUPNQpNUPROp
2JAB_JSTpCMeET&,ABFApPIpBOGEN

COMMONIPRALIDLT_DLTU,ALNJALV(Z6|pNALpITP_NAMP(IE}_CML(Z4)_CRL(16}
_CPVIZ)_ALTX(6_Z]eDARF_ITITI_ITIT2

COMMDNIEAIILES_IDRU, ISTA, NNESE

DIMENSION GAMMAtNK_Z)_A(NK_NK)_BETA(121)pDELTA(ZEO)_G(121_)_
1CAE(Z)_ZZL(120),DA(41

EQUIVALENCE (G(1,1I_VF(1))p(BETA(1)_XP(1))_(DELTA(1)_PI(I)),
I(ZZL(1)_P(1))

LOGICAL WAKE
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DATA

MAU$-
ITP-Z
NAGA=

OELTA
XHHmX

FEOI,O00011

ZDRU

INT(AGAM(IO))

(1)=.5_(BETA(1)+BETA(NQ))-PI
(NQ)

YHM=Y(NQ)
O0 2 N'lpNQ
XN=X(N)
YN=Y(N]

DX=XN-XHM
DYmYN-YHM
OL=SQRT(DX_DXeDY_DY)

D$(N)=OL

IF(N,NE°Z)GO TO 2Z
WAKE=OL,GT,.OOOleXN

IFI.NOT.WAKE)GO TO 24

ZZ OELTA(N)=ATANZ(DX_-DY)
Z_ XHM=XN

YP(N|=DELTA(N}
2 YHM=YN

IF(DELTA(Z).GToO*IOELTA[1)=OELTA(Z]-Z.tp!
EDGEI=BETA(Z)-DELTA(1)
EOGE2-OETA(NQ)-DELTA(1)-2.ePZ
CQSAB=COS(EDGE1)

$INAB=$IN(EDGE1)
COSAQ=COS(EDGE2)
SINAQ=SIN(EDGE2)

ZZLIIJnPZ**5*(SINAB-SINAO)+COSAB+COSAQ
DO ZO M'I_NQ
IF(oNOT.WAKE.AND.M,EQ.NQ)GO TO ZO

BEM'BETA(M}
XMRE=X[M)
YMRE=Y(M)

IF(M.GT.1,AND,H.LT.NO)GO TO300
XHRE-.Se(X(ll+X(NQ))
YMRE=.5*(Y(1)+Y(NQ))

BEM=DELTA(Z)+FLOAT[MINK)_._PZ
300 CBR=SIN[BEM)

SBM=-COS(BEM)
IF(M.LE.NK)A(M_I)=O.
G(M,1)=-CBMS6.28318_
G(MPZ)--SBM_b.283185
XNR-XN

YNR'YN

00 9 NKOR=lpNQ
XNP"X(NKOR}
YNP=Y(NKOR]
DAT=O.
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200

DAS-O.
DAYoO.
IF(.NOT.WAKE.AND.(NKOR.EQ.I.0R.NKOR. EO.M+NK))GC TO B

IF(NKORoEQ,IoAND,M*EQ,NQ]GO TO B
N=NKOR-I
ZF(N.EQ,O)N=I

DU=XNP-XNR
DV=YNP-YNR
DL=DS[NKOR)

CP=DUIDL

$P=DVIDL
GA_BETA{N)-DELTA(NKOR]

GAS=DELTA(NKOR]-BETA[NKOR)
XAA=XNR

YAAuYNR
DLReDL
ZF(H.NE.NKOR.ANDoHoNE.NKOR-1)GO TO 200
IF(M.NE.1.AND.M. NE.NQ]GO TO 6
ZF(.NOT._AKE)GG TO 6

IF[NKOR.EQ.1)GO TO 7
DXiXMRE-XNR

DY=YHRE-YNR
U-(DXeCP÷DYeSP)/DL
V-(DYeCP-DXtSP)IDL

PK=I,
PKL=I,
IF(NKOR.EQ.I)GO TO Z06

EMAX-ABS(GA+GAS)I8.
RAB"ABSiV]
IF(U.LT.O,.OR,U,GT,X,)RAB=ARAXZ(RAB#ABS(U)_AB $(U'I*)|

FAB-EMAXI(FED_RAB)

ZF(FAB.LT.Z.)GO TO 204
PK -FLOAT(INT(F&BSe.333333)el)
TG-SIN(GA)ICOS(GA)

TGS=SZN(GA$)ICOS(GAS)

ZO2 XI=PKLIPK
ETA-XIe(1.-XI)_(
XZaXAAeXI*DU-ETA

YZ=YAA+ETA_DUeXI
DUZsXZ-XNR
DVZaYZ-YNR
DL =$ORT(DUZeDUZ÷DVZeDVZ)

CP=DUZtDL
SP=DVZIDL
DX=XMRE-XNR

DYaYMRE-YHR

U=(DX*CP÷DY*SP)IDL
V=(DY_CP-OX_SP)/DL

Z04 VO-VeV

TG*( 1.-XI ) ÷TG$_,XZ )
,_DV

,_DV
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UQ=U*U
DENl=U-.333333

OEN - OENI*OENI+VQ
IF(DEN.LT. IOO00.)G0 TO Z05

WU=,SeVIOEN
WV--.5*DENIlDEN
0ENI=U-.6666667

DENuDENI_DENI÷VQ
WUSa. SeVIDEN
WVS--._*DENIlDEN

OWUoO,
DWVoO.
GO TO Z06

205 ULM'U-Z,
TAD'ATAN2{V_U'ULM+VQ)
TAL-oS*ALOG((VQ+UQ)I(VQ+ULM_ULM))

WU-(1.-U)*TAD+V*TAL
WV-V=TA0-(1.-U)*TAL-I,
WUSoU*TAD-V*TAL
WVSalo-U_TAL-VeTAO

DWUa(U-UQ+VO)*TAD+V*(2.*U-I.)eTAL-V
DWV-(UQ-VQ-U)_TAL+(2,tU-1.)_(VtTAO-,5)

206 FNMX-WU_CP-WVeSP

FNMY-WV_CP+WU'$P

FNMXS-WUS_CP-WVS_SP

FNMYS-WVSeCP÷WUSeSP

DFX-OWUtCP-DWVeSP

DFYeOWV_CP+DWU_SP
OAX_(FNRX_CBM+FNMYtSBM)IPK
DAZe(FNMXS_CBM÷FNHYSOSBM)IPK

OAUgOFX_CBM÷DFY_SBM

IF(NKORoEq. I)OAX-OAX*COSAB÷(FNMXtSBM-FNMYtCBM)_SINA8

IF(NKORoEQ,I)OAZ--DAZ*COSAG-(FNMXS_SBM-FNMYS*CBMI*SINAQ
DATaOAT+DAX*(PK÷I,-PKL)÷OAZ*(PK-PKL)

OAS-OAS÷OAX*(PKL-I,)+OAZ_PKL
DAY.OAY_(DAUIPK+OAX_(PKL-1.)_(PK+Z.-PKL)+OAZ$PKL_(PK-PKL})IPK
IF(PKLoGT.PK-.OZ)GO TO 8
PKLePKL+I, --_
XNR'XZ

YNRoYZ

GO TO 202
FLOM-FLOAT(NKOR-M)
OAS-.5_GAS_(FLOM-.3333333)e(GA-GA$)

O&T-,5*GA_(FLOM-.bbh6667)*(GA-GA$)÷FLOR_PI
OAY-(GA+GAS)/12.
GO TO S

b OAT-ALOG(DS{NQ)IDL)
OASo-1,
GO TO 8
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7 DA$.pI*.5*(COSAB-COSAQ)-SINAB-SINAO

8 DO lO0 L'1,4

I00 DA(L)'O.
IFINKOR.EQ.1)GO TO 106

IF(NKOR.GE.3)FM-O$(NKOR-IIIDLR

IF(NKOR,LE.NK)FP-D$(NKOR_I)IDLR
IF(NKORtEQ,Z)GD TO 102
IF[NKOR.EQ.NQ)GO TO 106

DAH-DAYI2.
DA(1).-DAHI(FM_(FM+I.)}

DA(Z)-DAH*fl,IFM-I./(FP+I.|) * DAT
DA(3)-DLH*(1./FP-1./(FM÷I-)) 4 DAS

DA(4).-DAH/(FPe(FP+I.))

GO TD 108
10Z DA(Z)-DAT-OAYI(FP_I,)

DA(3)-DAS÷DAYtFP
DA(¢)8-DAYI(FPe(FP÷I.))

GO TO 108

10_ OA(1),-DAYI(FMe(FM÷I.))
DA(Z}-DAT+DAY/FM
DA(3)-DAS-DAYI(F_÷I.)

GD TO 108
106 DA(3)-DAS÷DAT
lOB DO 116 L'Ip4

NE-NKOR÷L-3
IFfNEoGT,NQ,OR°NE°LT.1)GO TO llb

IF(NE,LT.NQ)GO TO 110
IF(MoLT.NQ)&(M_I)aA(Mpl)-DA(L)
IF(NoEQ,NQ}ZZL(1}-ZZL(1)-DA(L)

GO TO 116
110 IF(M,EQ.NQ)GO TO 11Z

IF(L,EQ,4)A(MpNE)'DA(L)
IF{L.LT.6)A(M_NE)'A(RpNE)÷DA(L)

GO TO 116
112 IF(L.EGo4)ZZL(NE)-DA(L)

IF(L,LT.4)ZZL(NE)-ZZL(NE)÷Dk(L)

11b CONTINUE

10 XNRmXNP
9 YNRmYNP

20 CONTINUE

IF(,NQT,WAKE)A(lpNK)mA(lpNK)-I*

IF(WAKE}GO TO 139
DO 136 NIIpNK

136 ZZL(N}-O°

ZZL(Z)'I.
W.(1.÷O$(3)lD$(2))S_.bbb67
ZZL(3)'.S/(W-1.)

ZZL(2)'-W_ZZL(3)
W.(1.÷OS(NK)lOS(NQ}}t_,bbbb7
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ZZL(NK-1)--o51(W-lo)

ZZL(NK)=-W*ZZL(NK-1)

139 O0 166 N'I_NK
DO 141M=I,Z

GR-O.

DO 160 LalpNK
140 GR-GR÷G(LJH)*A(L_N)

IF(WAKEIGR-GR÷G(NQpM)*ZZL(N)
Z6_ GAR_A(N_M)=GR

O0 163 M=NeNK
BW-O.
DO 14Z L'lpNK

l_Z BW=BW+A(LpN)*A(L_)
BW=BW_ZZL(H)*ZZL(N)

143 DELTA(H]=BW

O0 144 M=NpNK
I_4 A(MpN)=DELTA(M)

DO 146 N=IjNK
O0 146 M=NjNK

146 A(NeM)=i(MeN)
CALL GAUSS(ApGARHAjNKp2pO.)

O0 152 H'le2
CA=O,
DO 150K'2PNK

150 CA-CA+(DS(K)÷DS(K_I))*GAMMA(KeM)
152 CAE(M)sCAIX(1)

ALN=ATANZ(CAE(1)_CAE(ZI)IBOGEN
IF(NAGAoEQ.O)GO TO 48

NZT=NZPZ(Z_NAL÷3)
IF(AGAR(Z).NEoO,)NZT=NZPZ(3_O)
WRITE(RAUSp6Z)NZT_NAHPjCAEeALN

CZ FORHAT (AI_Z3HPANEL METHOD AIRFOIL

*FB.Sp3XpSHALPHAO =pFS.Z_SH OEGREE$)
IF(NAGA.LT,3)GO TO 48
NZT=NZPZ(ltO)
WRITE (MAUSp43) NZT

¢3

44
1

t6

48

P12Ale3Xs6HCA =,F8oSelHj,

FORRAT (A1P3H N_7X, 1HX,gX_IHY_BXp4HBETA,bX,bHGARRAIpSX_bHGAMMAZs
5Xp¢HTAUlp6Xp4HTAUZs6XjZHO$)

O0 66 KollNK
NZT=NZPZ(I_O)
KD=K-1
GAsBETA(K}-YP(K÷I)
GASeYP(K)-BETA(K)

WRITE(MAUSp46)NZTpKDpX(K)jY(K)gBETA(K),GA_RA(Kjl)pGA_MA(K_Z)_GA_
GAS _OS(K+I)

FORMAT [A1,I3_ZFlOoSe3F11.5_ZF10.5_Fq.5)
NZT-NZPZ(1,0)
WRITE(RAUS_66)NZTeNKpX(NQ)eY(NG)eBETA(NQ}_GAM_A(1_l)_GA_A(le2)

O0 50 K=leNK
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VF[K)mGAMMA(K_I)

50 ARG[K)sGAMMA[K_Z)
VF(NQ)a-GAMMAIlpZ!

ARGtNO)_-GAMMA(lp2)
RETURN
END

$UBROUIINE WANDEL(N, NFpM_MHB)
DIMENSION NF(M]pNVGL(11)
DATA NVGLIIH0pIHI_IHZplH3_IH6_IHSelH6pIHT_IHSplHgpIH l

NWsN

00 1 K=IjM
MR-M+I-K
L=11

IF(NWoEQ,O°OR,K,LE*MHB)GO TO 1

NX=HWI10
L-NWolO_NX_I
NWiNX

1NF(MR)aNVGL(L)
RETURN

END
FUNCTION VPR(N;I)

COMMON GAPIB76)pVF(IZI)pARG(IZI)sGAPS(5?),IZZpKFUeNQ

CDMMONIPRAL/DLTpDLTUpALNPALV(16),NALpITPpNAMP(IZ)pCML(14)_CRL(16]
i pCPV(Z)tALTX[6pZ)pDARFpZTITZIITIT2

DATA ALRpANRI99,egq, I

IF(ITP-1)Z_Ee6
2 VPR=VF(N]*COSG(180.*FLOAT(N-1)IFLOAT(NQ-I)-ALV(I)]

GO TO 8

4 IF(ALV(I)oEQoALR.ANDoALNoEQoANR)GO TO 6

ALRRALV(I)
CASTtCOSG(ALR-ALN)

$AST=$1NG(ALR-ALN)
ANRmALN

b VPR=CASTeVF(N)eSASTeARG(N)

8 RETURN
END
SUBROUTINE FIXLE$
DIMENSION NAM(8)

COMMON GAP(SZZ]_X(ZZZ)pY(ZZZ)pGAPS[6ZI)pIDU_KDUpNQpIGA(3)eGAPT(6)_
IBOGEN

COMMONIEAIILES_IDRU, ISTA_NNESE
COMMONIPRALIDLTPDLTUPALNpALV(Z6)_NAL*ITPpNAMP(1Z)_CML(Z6)*CRL(16)

I ,CPV(Z)pALTX(6eZ)pDARFpITITI_ITIT2
READ (ILES,2) NAMP

Z FORMAT (12A1)
READ (ILES_3) MUPeMLOW

3 FORMAT (215)

NQ"MUP+MLOW-1
CALL RDC (X_MUP_-I*I)
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O

I

J
i

i
I

J

I
.!

10

15

CALL ROC (Y,NUPp-I,I|
CALL RDC [X,MUP_I,NQ)

CALL RDC (YpHUP_I;NQ)
NT'NQI12

DLT-Y(NT]/(BOGEN*(1.-X(NT)))
NTsNQ-NT+I
DLTU--Y[NT)I(BOGEN*(1.-X(NT)))

RETURN

END
SUBROUTINE RDC (ARR,NBpNDpNE)

DIMENSION ARR(121)gBF(8)

COHHON IEAIILESpIDRUpISTApNNESE
N=NB
READ (ILESelOi BF
FORHAT (8F10.5)
DO t5 N=1_8

ARR(N)=BF(M)
IF (NoEQoNE) RETURN
N=N+ND

GO TO 5

END

$UBROUTZNE OEFINEIPLsQpHJXUPXOJYU_YO)
COM_ON/PLTM/_PL, NGCjXZEHpYZEHpMSPLI
COMMON IGRMZNIXMZNpYHZN,XSCALE, YSCALE

LOGICAL PL
IF (HPL,EQol) GO TO 1
CALL PSEUO0
CALL LEROY

HPL-I
XHIN=XU
YHIN-YU
CALL CALPLT [Oo_O°p-3!

IF(HGCoNE.O)CALL GCLOSE

NGC-Z
XZEH=QI(XO-XU)
YZEH=HI(YO-YU)
XSCALE=XZEHI25,4

YSCALEsYZEHI25,4
RETURN

ENO
SUBROUTINE GCLOSE
CONNONIPLTRIHPLpMGC_XZEHpYZEH,MSPLI

CALL NFRANE

HGC=O

RETURN
END

SUBROUTINE FINISH
CALL CALPLT (O.pO°_qqg)
RETURN
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END
SUBROUTINE SMOOTH(IS,XpYpBT,NGtA)
COMMON GAPl(l175)_IGAP(b)pGAP3(753)pXPL(IZ1)pYPL(1Z1)
CD_MONIPLTMIMPLjMGCjXZEHpYZEHgMSPLI

COMMONIEA/ILESpIDRUsISTAtNNESE
DIMENSION X(NQ),Y(NO)pBT(NQ)

LOGICAL A
EXTERNAL A

DATA HSI,61
IF(MSPLIoEQ.O]CALL SPLITZ(XtYtNQpBT)

XV=X(1)
YVsY(1)

BTV=BT(1)

I"1

XPL(1)'XV

YPL(1)'YV

DO 10 NBZ_NQ

XR=X(N)

YRmY[N)

BTR"BT(N]

DX=XR-XV
DYmYR-YV

DL=SORT(DXeDX+DY*DY)
DLTo ATANZ{DXp-DY)
GA,SIN(BTV-DLT)ICOS(BTV-DLT)
G_S=SINiDLT-BTR)ICOS(OLT-BTR)
IF(ABS(GA).LTo.6.AND.ABS(GAS).LT..6)GO TO 6

MSMoN-1

NZT"NZPZ(Z,O)
WRITE(IDRUpZ)NZTpGA, GASpMSMpN

Z FORHAT (AIp38HWARNING - SUBROUTINE SMOOTH HAS
*F6,3j15H BETWEEN POINTSeI3,%H AND_I3)

4 ESS -ABS(GA-ZoeGAS)
ES-ABS(GAS-Z.*GA)

IF(ES.GT.ESS)ESS=ES
NAB.INT(SQRT(OL*XZEMeESS/HS))+I
FNAB=FLOAT[NAB]
DO 6 K=I_NAB

U=FLOAT(K)/FNAB
V-U*(1.-U)*(GA*(1.-U)÷GASeU)

I-I+1
XPL(I)=XV+U*DX-V*DY
YPL(I)-YV÷U*OYeV*DX

IF(I.LT.IZZ)GO TO 6
CALL POLZUG[IS_XPLpYPLaZZls,TRUEepA)

I=1
XPL{1)-XPL{1Z1)
YPL(1)=YPL(1Z1)

b CONTINUE

SLOPESpF6.3p4H ANDe
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XV=XR
YV'YR

10 BTV'BTR

IF(I.GT.1)CALL POLZUG(IS, XPLpYPL*I_.TRUE.,A)
RETURN

END

SUBROUTINE BPLOT(X_YeN_M)

COHMONIPLTMIMPLjHGC*XZEHpYZEHsMSPLI
COMMONILININGtBROKL(1Z)_NLINE(5)eNPAR(5)pJ
DIMENSION BF(8)

DATA NLINEIZel, 3e31, NPAR/O_Ze6_6pBI_BRQKLIS._I.5_IO.pgel.51
IF(M.EO.Z)GO TO ZO
IF(M*ND.GE.Z)GQ TO 4

IF(M.EQ.O. ORoN°EQ.1)CALL TPLOT(X,Y_N_O)

IF(NDoLE.1)GO TO 10
K-1
SPL-BF(1)*.5

GO TO 10
4 OXoXZEH*(X-XV)

DYgYZEH_(Y-YV)
OS=SORT(DX_DX+CYeOY)

6 SPTiSPL

IF(SPL.GT.OS)SPT=DS
XE=XV+SPT_OX/(OS_XZEH)
YE=YV+SPT*DYliDS*YZEH)

NPEN=(K-2_(KI2))_N

IF(NPENoNEoO°QR°SPL°LEoOS) CALL TPLOT[-XEsYE_NPEN_O)
IF(SPT°EQ°DS)GO TQ 8
K=K+I

IF(K°GToND)K-1
$PL=SPL+BF(K]
GO TO 6

8 SPL"SPL-D$
lO XV=X

YV"Y

RETURN
ZO ND=NPAR(J)

IF(NO=LT°ZIRETURN
NAN=NLINE(J)
NEN"NANeNO-Z
SB=O.

00 2Z K=NANeNEN
Z2 SB=SB_BROKL(K)

ABeAINT(X/$B)+I.
DO Z6 K=I_ND
KS=K+NAN-I

Z_ BF(K)oX_BROKL(K$)I(AB_SB)
RETURN

END
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SUBROUTINE POLZUG(ZSTpRpS_Jp&LGpB)
COMMDNIPLTH/MPLpHGC_XZEH_YZEHp_$PLI

DIHENSION R(J]_S(J)
LOGICAL BpALG

DATAXpYIO.pO,I
IF(ALG)GO TO 6
PTLe0.

DQ 2 Km2_J
DX-XZEH*fR(K)-R(K-1))

DY.YZEH*(S(K)_$(K-1))

Z PTL-PTL+SQRT(DX*DX÷DYeDY)
CALL BPLOT(PTLeO.90#Z)

6 HANaO
NPml
NPDml

NENOmJ
IF(XZEH_AB$(R(1)-X)+YZENtiB$(S(1)-Y)oLE.XZEHeiBS(R(J)-X)÷YZEH*AB$

I (S(J)-Y))GO TO 10

NP_J
NPD_-I
NEND"I

10 XaR(NP)
Y'S(NP)
NPENsO
IF(B(XpY))HPEN=I

IF(HAN.NEoO)GO TO lZ

HANI1
IF(ALG)CALL TPLOT(XpYpOpO)

IF(.NDToALG)CALL BPLOT(XpYpO_O)
GO TO lq

1Z IF(NPEV,EQoNPEN)GO TO 1B

Xl"X
YI"Y
DO 16 K']p7

XZ'.5_(XI+XV)
YZ'._*(YI÷YV)

_ZoO
IF(B(XZpYZI)NZ'I
ZF(NZ.NEoNPEV)GO TO 16

XV'XZ
YVaYZ
GO TO 16

1¢ XE'XZ

YI"YZ
16 CONTINUE

IF(ALG)CALL TPLOT(XZpYZpNPEVpO}

|F(,NOT,ALG)CALL BPLOT(XZpYZpNPEVpl)
18 IF(NPEN.EG.O)GO TO 19

IF(ALG)CALL TPLOT(XpYeNPENpO}

i00
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IF(.NOT.ALG)CALL BPLOT(X,YsNPENeZ)
zq IF(NP.EQ.NEND)RETURH

XV'X

YVaY
NPEV=NPEN
NPmNPeNPO

GO TQ 10

ENO

SUBROUTINE TPLOT(XpYeNPENeNORIG|
COMMON IGRHINIXMIN,YNIN_XSCALE_YSCALE
A=(X-XMIN]eX$CALE
B=(Y-YMIN)*YSCALE

IPEN=3-NPEN
CALL CALPLT (A,B_IPEN)
RETURN

ENO
LOGICAL FUNCTION TRUE(XpY)
TRUE . °TRUE°
RETURN

END

SUBROUTINE ACHS|HpUApUI2UZsSA_SE_OS_DSZ_&)
DIHENSION X(3)pY(3)
LOGICAL A
EXTERNAL A
MXY=Z_(MIZ)-N
OS3=OSZ
051=0S

Y(1)=UA

Y(Z)°UA
XSaDSI*FLOAT(INT(SAIDS1])
IF(SA.LT°O.)XS=XS-DS1

X(1)eXS
IF(HoLE.Z) GO TO 1

FKT=Z.IALOG(IO°)
X(1)mFKT*ALOG(X(1))
053"1.

i XS=XS+DS1
X(Z)=XS
IF(H°GT.Z)X(2)mFKT*ALQG(XS)

X(31=X(Z]

Y(3)=UI
IF(ABS(O$3*FLOAT(INT(X(3)*I.0OOZ/O$3))-X(3)).GT..OOO1)GO

Y(3)'UZ ._

IF(H.GT.2)OSZ=ZO.*DSZ
Z IF(MXYoEQ. O)CALL POLZUG(1,YpXp3poTRUE°pA)

IF{HXY°NE.O)CALL POLZUG(1,X_YP3,°TRUE°_A)

IF(XS°GE°SE-.OOO1)RETURN
X(1)eX(2)
GO TO 1

TO
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END

FUNCTION NZPZ(LLpM]
FUNCTIQN - LINE COUNTING

DIMENSION ITI4)

DATA IT[1)pIT(Z)pIT(3}_IT(4)/ZH+plH pZHO_lHlI_NZEIZAI1001

L=LL

IF(LoGE°3) GO TO 1
NZEIZA=NZEIZA_L
IF [M÷NZEIZA.GT066) GO TO 1

GO TO Z
1 L"3

NZEIZA-1
Z HZPZ=IT(L+I)

RETURN

END
SUBROUTINE GAU$S{ApBtNe_eEPS)

DIHENSION A[NpN)pB(NtM)
COMHONFE//ILESPIDRUpISTA_NNESE
EPS • ABSiEPS]

DO 3 Jo1_N
H = ,0

DO 4 I=J_N
Z • ABStA(IpJ))
IF(ZoLToH) GOTO 4

K-I
HsZ

4 CONTINUE

_F(H_GT_EP$] GOTO 5
b FOR_AT[38N SINGULARITY ALAR_ IN SUBROUTINE GAUSS)

WRITE[IDRU_b)
RETURN

5 IF(K,EQ,J) GOTO ?

DO O ImJpN
H • A(J_I)

A(JpI) - A(K_I)

8 A(Kpl) • H
DO I 1"1,M

H • B(J,I)
O(J_Z) • B(KjI)

1 B(K_I) • H
7 DO 9 I-1,N

IF(I,EQoJ) GOTO 9
H • a[I_J)lA(J_J)

DO 10 K=JpN
I0 A(IpK) • A(IpK)-A(JpK)*H

09 2 K=I,M

2 BII*K) • BIIpK}-H*B(J*K)
9 CONTINUE

H • 1.1A(J#J)

_
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DO 11 I'J,N

11 A(J,I) • A(J,I)*H

DO 1Z I'I,M
1Z S(J,I) " B(J,I)*H

3 CONTINUE

RETURN
END

SUBROUTINE CDCL(MCDCL,JRPISTIFT)
DIMENSION XNK(Z)
COMMON CW(5,Z,14),SA(59Z, 14)gSU(5_Z_lA)_CLP(14),CDP(14)_PG(36)_

*PUFF(14)jGAPS(67T),IGAP(b)_GAP(382),PGI(?O)_YMK(Z)
COMMON/PRAL/OLT, OLTUpALNpALV(14)_NALtITP,NAMP(lZ)_CML(16)pCRL(14)

I ,CPV(Z)pALTX(4pZ)pDARF_ITITlpITIT2
COMMON /LINING/BROKL(lZ)pNLINE(5)gNPAR(5)_J

LOGICAL PL_TRUE
EXTERNAL TRUE
KA-Z

IF(MCDCL.GE.Z)GO TO 2
ALMIN'O.
PL-ISTIFT,GE.5
ALMAX-O.
CMMIN-O.

CMMAX-O.

CLMAXsOo

CLMIN=O.

CDMIN-I.

CDLIM-I.

IF(PUFF(6).NEoO.)CDLIM=.OI*PUFF(4)

KA'I
Z D0 16 K'KApZ

DO 12 J-I_JR
IPL-O

DO 10 I-I,NAL

SAI-SA(J,I,I)

SA2-SA(J,2,I)
IF(SAZ+SA2.GT..65) GO TO 10

CALL VISC(I,JpCLpCD_CMV)
IF(CD.GT.CDLIM)GO TO 10
ALI-ALV(I)-ALN
IF(K.GT.KA)GO TO 8

CLMAX-AMAXI(CLMAXpCL)
CLMIN-AMINI(CLMINpCLJ-4.eCMV)

IF(ALMAX.LT.ALI)ALNAX-ALI
IFIALMIN.GT.ALI)ALMIN-ALI

IF(CMMIN.GT.CMV)CMMIN-CMV

IF(CMMAX.LT.CMV)CMMAX-CMV

CDHIN-AMINI(CDMIN,CO)

IF(K.EQ.1)GO TO 10

8 IPt-IPt÷l
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CLP(IPL)=CL

CDP(IPL)=CD
PG(IPL}--4,*CMV

PGI(IPL)aCDAX÷.OOOS*ALI
PGI(IPL÷I$)-COAX-.OI*SAI÷,O1
PGI(IPL+ZBI=CDAX-.OZ*SAE+.O1
PGI(IPL+4Z)-CDAX-.OI*$U(J,lpI)+.01
PGI{IPL+561-COAX-,Ol*$U(Jp2,I)÷.01

10 CONTINUE
IF(K,LT°Z)GO TO iZ

CALL POLZUG(ISTIFT,CDPpCLPpIPL_.FALSEo_TRUE)

O0 11KC=I_5
LOC-l+!4*(KC-1)

11 CALL POLZUG(ISTIFTePGI(LOCIeCLPeIPLe.FALSE,_TRUE)
CALL POLZUG(ISTIFTePGIePG_IPLj°FALSE,eTRUE)

IZ CONTINUE

IF(K°GE°Z)GO TO 14
CLMI=AMINI(PUFF(Z|pCLMIN'-o3}

CDMI-O.
IFtCDMIN.GT..OI)CD_IsRUND(CDHINp200°)-°O05

CDAX-CDMI÷.OZ5
CDAN=COMI-°O03

CLMA=AMAXI(Z.6pPUFF(Z)pCLNAX÷,3)
CDO-CDAX÷.013
SCFsl.
QUER-IOOOO._SCFe_CDO-CDAN)

HOCHmlOO°*SCF*(CLHA-CLHI)

CALL DEFINEiPLpQUER_HOCH_CDAN_CDQpCLMI_CLMA)
I_ CONTINUE

IF(MCDCL.EQ.Z.OR.NCOCLoGEo3_RETURN

CLHAX=RUND(CLMAX÷.Ob,IO.)

CDO-CDQ-.O03
CTI=CD_I-.OOOZ
CTZmCOMI-.O005
CALL ACHS(Z,CDMI,CTIpCTZ, CLMZN, CLMAXpolp.SpTRUE]

X_Ktl)"CDMI+.O005
XMK(Z;=CDMI+.O04

DO 13 J=ZpJR
YMK(1)=CLMAX-.IO_FLOAT(J)
YMK(Z)'YMK(1)

13 CALL POLZUG(ISTIFTpXMKpYMK,Z,.FALSE.pTRUE)

CALL ACHS(1PO.e-.OZp-.OSeCDMIeCDQe.OOI_.OOS_TRUE)
CT1-CDAX+.OOOZ
CTZ=CDAX+.O005
CALL ACHS(ZpCDAXpCTlpCTZpCLMINpCLMAXe,Ze°SeTRUE)

CTI=CDAX-oOOOE

CTZ=CDAX-.O005
CT3--4**CNMIN
CT4=-4.eCMHAX
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CALL ACHS(ZpCDAXpCTI,CTZ_CTApCT3JoZp.AtTRUE)
CTZ=CDAX+°OOOS*(ALMIN-Zo)
CDO=CDAXe. OOOS*(ALMAX+I.)

CALL ACHS(lpO.J°O2p.OSpCTZ_CDQt.OOOS_.OOZSpTRUE)

CALL GCLDSE
RETURN
END

SUBROUTINE VZSC(I,JjCLjCD,CM)
COMMON CW(SsZpl_)JSA(_,Z_lA)PSU(5,2*1_)
COMMON/PRAL/OLTpOLTUpALNpALV(14)_NAL_ITPpNAMP(1Z)*CML(I_)pCRL(lq)

I _CPV(Z)pALTX(6,2)pOARFplTITZ_ITIT2

ALRC-ALV(I)
DlJAMAXI(ALRC-ALN+DLT, O.)
O2-AMINI(ALRC-ALN-OLTUsO.)

$AI-SA(J_lpI)
SA2-SA(J,ZpI)
DCLm.5*(DI*SAI+D2_SA2)

CL=.11*(ALRC-OCL)
CO-ABS(CW(J,I,I))÷ABS(CW(J,2,1))

CM-CML(I)÷.O27_*DCL*(ABS(1.-SA1-SA2)**l.5)

RETURN
END
SUBROUTINE GRP(NAXpREpMUpJR_ISTIFT)

COMMON CW(Sj2t16)pSA(Sp2_lA)pSU(Sp2,14)_HP(32)_RP(32)pPUFF(Z_;_
eAGAM(14)_X(121)_Y(121)pDS(122)jGAP(299),IDUpKDU_NQ_LDU(3),
*GAPS(363)JWRE(_)pH(§)_D2(5)_CAO(5)_SAR(5)_$UR(_),CWO(5),DD(_),
*CMV(5)_CPTR(_),BBL(5)_CD(5)_LD(_)_LR(5)

COMMON/BL/HVGL_O2I_UR,UKI_DSZ_WR_MT,MA_V_V1,HR_D2R_XA_XU_OCQ_USTR_

sVSTR
CDMHON/PRAL/DLT_DLTU_ALN_ALV(16)_NAL_ITP_NAMP(lZ)_CML(l¢)_CRL(16)

1 _CPV(2}_ALTX(6,2)_DARF_ITITI_ITIT2
CDMMONIEAIILES_IDRU, ISTA,NNESE
CD_MON/TRITIDLV,SUMP_XTRI(_)_NU_ND
DIMENSION RE(5)_MU(5),$FTX(2)_DZTX(3)

LOGICAL TRUE_PL
EXTERNAL TRUE
DATA RETX,STXTIAHR -_2H SI_$FTX/_HUPPER,SHLDWER/
DATA D2TXITH OELTAZ_THRDELTA2_TH DELTAlI_HTXIAHH321
DATA KBL_KSTIIH _IH*I_HBBL_BBLII-I.b_.03/
MAnO

V-O.

Vl'O°
KDTXnINT(AGA_(6))-I

MAGnINT(AGAM(8))
NKR mNQ-_

HABLC • 205

H(J)'I°
LR(J)®INT(RE(J)el.E-3)
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2 WRE(J)- $GRT|RE(J))
NALA , i

NALE • IABS(NAX)
IF(NAX.LT.O) NALA • NALE

DO 38 IA • NALAp MALE
IFfMAG.EQ.O.OR.IA.NE.1)GO TO 3
PL-ISTIFT.GE,5

CALL DEFINE(PLpS15._ZOOoP1.43_l.B_po4p4.4)

CALL ACHS(kP1.46pl.45?pl.62plO.plOOOO.plO._l.pTRUE]
CALL ACHS(lplo_.96t.gz,lo46el.62_.OleoOSeTRUE)
CALL ACHS(_sl.66pl.65Tpl. BZjIO.plOOOO.plO.pl.pTRUE)

CALL ACHS(lel._.q6p.qZsl°bE_IoBZe°OIe.OSeTRUE)
FKT-1,/ALOG(IO.)
HP(1)-1o51509
HP(2)ml.51509
HP(3)-I.bZ

RP(1)_I.
RP(Z)=Ze665b

RP(3)-3.9039
CALL POLZUG(lpNPpRP, 3JoTRUE.pTRUE)

DO 5 IP-l_3

5 HP|IP)-HP[IP)+.Z
CALL POLZUG(I_HPeRPpSjoTRUE.eTRUE)

3 DO 3B JU =leZ
IP'O

ND = 2*JU -3
NDSD'JU-ITP

NEND-I+NKR*(JU-1)
DO 6 KuleNKR

IFIVPRIKpIA),LE.O,)GO TO 7
b CONTINUE

7 NU-K÷JU-2

IF(ABS(VPR(NU_IA)).LT.,I)NU-NU÷NO

NUNDSD • NU - NDSD

DSR=DS(NUNOSD)*VPR|NUpIA)I(VPR(NUPIA)oVPR(NU-ND_IA))
S-O.

UK-O.

DO 12 J'1PJR
12 BBL(J)=O,

IF(KDTX.LE.O) GO TO 26

k IZT=NZPZ(Z-NDpIABS(NU-NEND)÷2)
IZP=IZT

IF(IZT.NE.NNESE]GO TO 10
ALWR=ALV(IA)-DARF*ALN

WRITE(IDRUeB)IZT_NAMPpALWR_(ALTX(JeITITZ)eJ=[e6)
e FORMAT (AIpZSMBOUNOARY LAYER AIRFOIL _IZA1PIOH

• Z4H DEGREES RELATIVE TO TMEp4A6)
IZT=NZPZ(ZpO)

10

ALPHA "pF6.2_

WRITE (IDRUp16) IZTpSFTX(JU)p(RETX_LR(J)eMU(J)pJ-I_JR)
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1_ FORMAT (AI,IXjAS,8H SURFACE,3XpS(6XtA3, I6J8HO00 MU o,I23)

IF(IZP.NE.NNESE)GO TO 26
ZO IZT-NZPZ(I_O)

WRITE (IORU, 22) IZT,(JJHTX_OZTXIKOTX)pJsl,JR)

22 FORMAT (AI,bX,1HSp8XpZHU _5(AX_I1,AX_A3_AXpAT))
GO TO 26

Zk NUNDSD • NU - NOSD
DSR • O$(NUNDSO}

Z6 UKleABS(VPR(NUeZA))
S • S ÷ OSR

O0 27 J'lpJR
OSZ • OSR
UR • UK
HVGLIH(J)

MTiMU(J)
O2IoO2(J)

WRmWRE(J)
CALL GR$
OD(J) • DZR

IF(KDTX.EQ.Z)OD(JI•UKI*RE(J)*O2R*I.E-6
IF(KOTX.NE,3)GO TO 28
CALL HlZB(HR,H12ReQT$)

DD(JI-DER*HlZR
28 IF(UKoNE.O.)GO TO 30

$AR(J)"O.
SUR(J)•O.

30 SAR(J)_ SAR(J)÷XA
IF(HVGL*HRoGE.O.)GO TO 33

UTRuUK+(UK1-UK)eXUIOSR
CPTR(J)ml.-UTR*UTR
HVGLs-lo51509

33 SUR(J)= SUR(J)_XU
[F(HVGL.GT.HBBL.ANO.HR.LE.HBBL) BBL(J)•S-SUR(J)-(DSR-XU)

e*(HBBL-HR)/(HVGL-NR)
H(J)-HR

27 DZ(J)'OZR
[F(RAG.LE,O)GO TO 31

IF(ABS(H(MkG))°GT.1.62)GO TO 31
RPL•FKT_ALOG(UKl*RE(MAG)*OZ(MAG))
IF(RPL°LT.I..OR.RPL.GT.4.)GO TO 31

IP'ZP+l
29 RP(IP)•RPL

HP(IP)eABSIH(MAG))÷,Z*FLOAT(JU-1)

ZF(IP,LT,3Z)GO TO 31
CALL POLZUG(lsHPsRP_IPs,TRUE,_TRUE)
IP•I

GG TO Zq
31 IF(KDTXoLEoO) GO TO 35

IZT"NZPZ(Z_O)
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I01

WRITE(IDRUJ32)IZTeSeUKlp(H(KIpDD(K)eK'leJR)
32 FORMAT (AZpFg. SpFB.3_5(FZ3,_FlO.6))

35 IF(NU-NEND)36_36p34

34 UK " UK1
NU • NU +NO
GO TO 24

36 IF(IP.GE.2|CALL pOLZUG(Z,HPeRP, IP,.TRUE.pTRUE)

IF(KDTX.NE.3)GO TO 3?
IZT-NZPZ(1PO)
WRITE(IDRUp39)IZTp(KBLpCPTR(K)_KeI_JR)

39 FORMAT (Al_lTX_5(AZpSXpllHCP(TRANS) -pF6.2))

37 DO 3B J=Z,JR
CALL HZZB(H(J)pHIZRpGT$)
IFtHlZR.GT.HABLC)HIZR " HABLC
IF(H(J)oLT.OooANDoBBL(J).EQ'O') BBL(J)"SUR(J)
BBF-Z°

IF(BBL(J)oGT.BBLI) BBFm-Z,
CW(J_jU_IA).(UKI**(Z°5*°5*HZZR))*DZ(J)*BBF
$A(J_JUpIA)- $ - SAR(J)

38 SU(JpJU, IA)B $ -- SUR(J)
I"0
ITZ.NZPZ(Z_4*(NALE-NALA÷I)÷Z)

IF(ITZ°NE.NNESEoANO.NAXoLToO)GO TO 6B
44 WRITE(IDRU_4H)ITZpNANPp(ALTX(J,ITITZ-)pJ'Z_6)pALN

46 FORMAT (A1PIBHSUM_ARY AIRFOIL _IZAlp3Xp
*31HANGLE OF ATTACK RELATIVE TC THEp6A6eSXt

*8HALPHAO -pF_oZpBH DEGREES)
ITZ_NZPI(190)
WRITE(IDRU,4?)ITZ,BBLI

4T FORMAT (AZp38H * INDICATES BUBBLE ANALOG LONGER THANeFS.3)

ITZmNZPZ(ZpO)
48 WRITE(IDRUe49)ITZpIRETXp LRIJ)'MU(J)_JeIPJR)
49 FOR_AT (AIpSXsS(SX_A3_Ib_IOHOOO MU -eIZ))

IF(I.NE.O) GOTD 51
DO 60 IeNALAeNALE

51 ITZ'NZPZ(Z_4)
IF(ITZ.EQ.NNESE)GO TO 64

AL_R_ALV(II-DARF*ALN
MRITE (IDRU,50) ITZ,AL_R

50 FORHAT (AI_BH ALPHA -_FH.Z_BH DEGREES)

ITZ-NZPZ(I_O)
MRITE (IDRU_lOl) ZTZ_(J_STXT_J-1,JR)

FORHAT (AI_4X,5(IS_AZ_H TURB_SXe_HS SEP_6XeEHCD))

DO 52 K'I,Z
DO 53 J-1,JR

LD(J)-KBL
IF(CMP_°LT.Oo) LD(J)-KST

53 CD(J)-AB$|C_P_)
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ITZ'NZPZ(1,0)
5Z WR]TE(IDRU,_4)ITZ, SFTX(K),(SU(J,KpI),SA(JpKpZ)PCD[J)PLD(J)_J'1,JR)
56 FORMAT (A1,2X_ASpFg. 4pFB.4pFTo6pAIp4(FIO.6pFB.6pFT._gA1))

DO 5& J = 1, JR

5& CALL VZ$C(Z;J,CAD(JIpCWO(J)eCMV(J))
ZTZ'NZPZ(1,0)
WRZTE (ZDRU, 58) ,ZTZ_(KBL_CAD(

58 FORMAT (AI_6H TOTAL;A1,3Xp4HC
_4(AZ,4X_6HCL =_Fb.3_SH CO =;F

ZTZ=NZPZ(IpO)

WR_TE (ZDRU_IOZ) ITZ_(KBL,CMV(J)_J=I*JR)

102 FORMAT (A1,5(AI,I_X_4HCM =pF7.4])
60 CONTINUE

ZF(NALE.EQ°NAL.AND.MAG°NE.O)CALL GCLQSE
RETURN

ENO
SUBROUTINE UMP(U_OZ_HpFUM)

COMMON P(512),XI1Z1)pY(121)
COHMON/TRITIOLV,SUMPpXTRZ(4)pNUpND

COHMON/BL/DUR(5)pWRE_N_MD_DU(7),USJOUMY
FUM--18.4
IF(H,LE.O)GO TO 9

IF(M.GE.3)GO TO 4
MXT.Z*M-I+(NO+I]/2
N=NU-NO

FUHmX(N)_SUMP*(X(NU}-X[N))IOLV -XTR|(HXT]
GO TO g

6 FUH-ALOG(WRE*MRE*OZ*U)+Z1.7*+._6*FLOAT(N-3}-IS.4*H
RETURN

ENO
SUBROUTINE CDCF( RET,H,CD_CF_H12)
COMHON IGRZKICDK_AA(7)_EB(7)

CALL H12BIH_H12,EPST)

i RZ = &LOG[(HIE-le]*RET)
CD - COK_EXP(-.I&6&gZ*RZ)
CF • .06571b*EXP(-Io2b*HZ2 --.232.RZ)
GO TO 3

Z CO a ((H*6.837Tg61- ZO.SZZZO3)*H + 15.70795ZIIRET
CF = EPST/RET

RETURN
END
SUBRGUTZNE GRUP(HeDZeUeZ_OZeOO2, V)

CORNON IGRZK/CDK_AA(7)_BB(?)
COH_ONIBLIOUM(6)_OLeWRE_HD_RAeDU(?)_US_DUNY
Z = DZ_AB$(H)

RET " WRE*WRE*U_02
CALL CDCF( RET_H_CD_CF_H1Z)

ZF(HA)I*I;Z

J};CWD(J);J'leJR)

L e;Fb.3;§H CD =;F6.4e
6.4))
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I V u O.
GO TO 13

2 GO TO(I3p13,13,6,bpSeSe3)pNA

3 IF(H)4,1,1
V = zs.e(H÷l.qB)eo2*US
GO TO 1Z

5 IF(H)6,1Jl

6 B • BB(HA)
PSI • AA(MA)
IF(B,NE.O.)PSInB*ALOGiRET)÷PSI
IF(PSI.GE.lo52.AND.PSI.LE.l.qg)GO TO 11
B-O.
IF(PSI.LT.1.SZ)PSI-1.SZ
IF(PSI.GTol.qq)PSIsl.qq

11HZ • SIGN(PSIPH)
CALL CDCF[ RET,HZ_CDSpCFSgH1ZS)
Vo(U_(CDS-(PSI+BteCFS)÷O2*use(B-PSI+H12e(B÷PSI)))I(B+ABS{H)-I.I

IZ |F(V)13_lpl
13 VDU "VtU

USU mUSIU
0D2 = (CF-(Z.+H12)*usueoz÷VDU)*DL
DZ • (CD - 3.*Z*USU 4 VDUI*DL

1_ RETURN
END
SUBROUTINE HZZB{HtH12eEPST)
IF(H)4_5 ,1

1 IF(H-l°57258)E,3p3
2 H12 .(SGRT(H-1.515090))e((-ZZT.18220eH+TE4._591b)*H-SB3.bOIBZ)

1+4.0ZgZZO0
EPST= ((-.03172850655eHZ2e.3R1540_SZ3)*HZ2-1.bB6096?qB)*HZZ

l+Z.5125BSbSZ
GO TO 5

3 EPST • (HeZ.ZZZ687229-6.ZEbZSEBER)*H+l.372390703
H12 - (25.715?857k*H-eq.SBZ14201)tH ÷ 7q.B?oe4472
GO TO 5

4 H12 - (H-1.36364)f(H*4.36364 + 5.36364)
5 RETURN

END
SUBROUTINE GRS
COMHONIBLIHVGL_D2pUK_UKI,DLw_REpHUpHA_VPVI_HRpDZR,XA_XU_DCQpUSTR_

eVSTR
COMMONITRITIDLV, SUNPwXTRI(4),NU_ND
DATA EAPsEUH,HEI.OOODOSP.O001,-1.01
BITaO.
H=HVGL
]F(MA)3,101_3

101 V1 = Do
V - 0,
IFIHE°LE.O°.OR°UK.LE,O.)GO TO )
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1 IF(ABS(UK-UKV)+ABS(UK1-UKIV)+ABS(OL-DLV)+ABS(H-HV)-.1E-b)Z,3P3
Z IF(ABS(DZ.WRE-OZVeWREV).GE..1E-6) GO TO 3

BIT • 1,
DZE • DZE*WREV/WRE

3 DZV'DZ
HV • H
UKV- UK
UKIV • UK1
OLV " OL
WREV • WRE
DCQ • O.
XA • OL
XU • OL
VV = V
IF (DL) 4p 4_ 5

6 HE=H
DZE= OZ
GO TO 50

5 USTR =(UKI-UK)IOL
IF(MA.LTo6)VSTR =(VZ-V)/OL
IF(UK)6, Tp6

6 IF((UKZ-UK)IUK - 1.)8P8_?
7 OZE • .2900631(WRE$SQRT(USTR))

HE • 1.619977
GO TO 50

8 IF(OE)9_gplO
9 DZE =(.6641081WRE)*SQRT(Zo*OLI(UKl+UK))

HE - 1.572586

G0 TO 50
10 X • Oo

SUHP"X
ISTAB • 0
IF(HoLTe'Oo)XU • O,
IF(BIT)13J13t11

11 CALL UMP(UK_DZ_H2FU_)
GO TO 60

13 IF(X ÷OL -DLV)lZ,12,19
12 XS • X

UK • UKV + X$*USTR
VG= VV + VSTR*X$
IF(H)Z6p16PZ6

16 HAP = 1.66
IF(HAP÷EAP +H)ZOpZO_15

15 XA • X
CALL HIZB(HtH1ZPEPST)
DZE = DZ*(UKIUK1)**((_.÷H12)*.5)
HE s H
GO TO 50

Zb HAP * 1o5150q_
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SUMP=X
IF[HAP+EAP-H)lTp18,18

17 CALL UMPfUKpDZ,H_FUM)
IFtFUM÷EUM)ZOplBp18

le H • -H
XU • X

ISTAB " 0
1_ DL = DLV - X

GO TO 12

20 CALL GRUP(HpDZpUKpZpOZpDDZpVG)

ESP " .002
IF(MA-3)Z2*22JZ1

21 ESP " .001

IF(X .EQ.O.)V = VG
ZZ XS - X$ + oS*OL

DZM = OZ ÷ .5_ODZ
ZM • Z ÷ .5"0Z

UM • UKV +USTR_X$
ISG " 1
IF(DZM)ZS, ZS,Z3

23 ISG - 2
HM " ZM/DZM
IF(HM - 2o)30,25PZ5

25 ISGV " ISG
IF(ISTAB-9)26J_qp_q

Zb ISTAB - ISTAB +1
DL _ .5_0L
GO TO 13

30 ZF(HM o HAP÷EAPI31_32p32

31 DL _ .5*DL*[ABS[H)-HAP)/(ABS(H)-HM)
GO TD 13

32 IF(H.LT.O.)HM • -HH
IF[MA.LT.4)VM• VV÷ XSeVSTR
CALL GRUPiHR_DZN,UM, Zffi,OZRpDD2MpVM)

ISG • 3

DZE " D2 +DDZM
IF(D2E)ZS_25p33

33 HE= (Z+DZ_IIDZE
ISG • 4
IF(HE-Z.)3_p25_25

34 HDIFF _ HE-ABS(H)
ISG •

IF(ABSiHDIFF)-.O1)35,35P25

35 MS • ABS(ABS(H)-Z.*ABS(HR_eHE)
ISG " 6

IF (HS-ESP) 36.36p 25

36 IF ( HE-HAP+EAP)37p3BP 38
37 OL = DL*(ABS(H)-HAPII(ABS(H)-HE)

GO TO 13
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38 IF(H)39,39,40
39 HE • -HE

GO TO 42
40 UE • UK ÷ USTR*OL

SUHP•X÷OL
CALL UMP(UEpOZEPHE_FUME)
IF(FUME-EUM)42p42,41

41 DL = OL$FUMIIFUN-FUNE)
GO TO 13

4Z DCQ • DCO + OL*VN
X-X+DL
IF(X -OLV)47,50pSO

47 H • HE
O2 • DIE
GO TO(43,13,43p45,13p43)pISGV "

43 IF(HS-.l*ESP)44p13,13
44 OL • Z**OL

ISTAB =ISTAB-1
GO TO 13

45 IF(HOIFF)4%,ZSp13
49 STP • II(ISTAS-q)
50 HR • HE

DZR • OZE
RETURN
ENO
FUNCTION RUNO(A_8)
RUNO • (AINT(A*Be$IGN(.SpA)))IB
RETURN
ENO
FUNCTION COSG(A)
COSG • COS(A**O174532925199)
RETURN
END
FUNCTION SING(A)
SING - SIN(A**O17_532925199)
RETURN
END
FUNCTION CSLG(ApB}
CSLG • ALOGIABS(SING(A-B)))
RETURN
ENO
SUBROUTINE ORAW(WCpWSjWLpDKeO_jFL_AGpRA)

CALL DRAW(WC_WSeWLpORAK(J)eORAR(J)eFLA(J)PABGRp_KP)
WHEN RKP = Oe DK - KAPPA; OTHERWISE, DK • K.

COSP • COSG(AG*FL)
FK• DK
IF(RA)Z,1P2

1 FK© FK*(1.-COSP)I(I=÷COSP)
2 SINP • $1NG(AG*FL)
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WL = -DMtALOG(1.eFK)

IF(FLoEO.O.) FK • 1.
BETA -(COSP-1.)IFK + COSP
BQMI - BETA$*2 - I.

WUBEO= $ORT(ABS(BOMI))
U= (I.+BETA}$SINPI(I.÷COSP)

IF(BOMZIS, Sp4

3 WF • ALOG(ABS[(WUBEOeU)I(WUBEO-U)))

GD TD 6
4 WF • Z.* ATAN(UlWUBEO)

GO TO 6
WF • Go
WC -(WUBEO*WF - SINP - BETAeFL*AGeI.74_329E-Z)eDM

W$ • (COSP-I.)e(1.-(lolFK ÷ 1.)*ALOG(1.eFK))*DM

RETURN
ENO
SUBROUTINE TRAPRO
DIMEHSION FLS(Z)pFLA(E)pDRAK(Z),DRAM(Z)_AC(4p3)PD(3)p

I_$I(2)pWCI(Z)_FINT(3)pA(4)jHK(Z)PR(3)tFKERN(30)
CDMMON/EA/ILESpIDRUplSTApNNESE

CO_MDNIPRAL/DLTsDLTUpALNpALV(14)pNALPITP_NAMP(12)pCML(14)pCRL(Z4)
I _CPV[Z)pALTXt4,E)pDARFJITITZpITIT2

COMMON pl(1Z1)pP(1ZI);XP(1ZZ)wYP[lZ1)_PUFF(14)*AGAM(|4)jX(122)_
1y(_z1),DS(1ZZ)_VF(lZ1)pARG(1Z1),ANI(ZB)tALFR(Zg)_IZZIKFU_NQ_NUPRO'
2JAB_JSTsCMpETA_ABFApPI_BOGENpDARGpPURES(ZS)pGAP(450)_ALFA(29)

DATA ABSZIO.I
CALL WANDEL(NUPROpNAHPp12,_)
ALFR(JAB+_)=O.

ABZT'_NI(JAB)

IF[ABS[ABZT-ABSZi.LT**I) GO TO 14
IB_INT(.ZS_ABZT+.I)

_Oo2*IB
NKRm2*M_

ABSZ-FLOAT(NKR)
ABGRs360olABSZ
HABGR=°SeABGR
DO B M=I, IB

ARI=FLOAT(MQ+I-Z*MI*NABGR
B FKERN(M].ABGR*COSGIARI)I(SING(ARI)*PI)

14 MAGAM=INT(AGAM(3))

NQ_NXR_I
IF(MAGAM.EQ.O) GO TO 22

NZT-NZPZ(3_O)

WRITE(IDRU_SEINZT
Z2 DO 23 I'1,2q
Z3 ALFA(1)=ALFR(I)

1-1
J•l

Z4 FLS(J)- PURES(I)eABFA
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CALL

CALL
WCI(J)- WCI(J)+WC

WSI(J)- WSI(J)+WS
WLI • WLI÷WL

FLA(J)- PURE$(I+I) * ABFA
IF(FLA(J))ZSpZS_Zb

Z5 DRAK(J)I 0
ORAM(J)• 1.
GOTO 34

26 WI - COSG(ABGR*FLA(J))
IF(PURES(I+Z)-I.)ZTs3OpZ9

27 ORAK(J)• .I*PURE$(I+3)
Z80RAM(J)- .I*PURE$(I+4)

GOTO 34
29

DRAW(WCpWSpWL,.b,-1.PFL$(J)gABGRal)
DRAW(WCI(J)_W$I(J)pWLIp-,bp-I.pFLS(J),ABGR,1)

DRAK(J)'((.I*PURES(I÷4})**(-IO./PURE$(I÷3))-I.)*(1.+WI)/(1._WI)
DRAK(J)- RUND(DRAK(J)_IO00.)
DRAM(J) • .I*PURES(I÷3)
GD TO 34

30 AA • .05*(I.-WI )*PURE$(I÷3)
WILN - ALDG(.I*PURE$(I÷4))
FMIT • ._

MIT • 0
31 FM • -WILN/ALDG(AA/FMIT +1.1

MIT-MIT÷I

IFIABS(FM-FMIT)-I.E-6) 33,3Z_3Z
3Z FMIT • FM

GD TO 31

33 DRAMiJ) - RUND(FMplO00.)
ORA$ - -05_PURE$(I÷3)*(WI÷I,)/FM
DRAK(J) • RUNO(ORASplO00.)

34 Io I+5
J" J+l

IF(J-3)24_38p38
38 MER • 0

W$1(Z)- -WSI(Z}

O(1) - WLI *(WSI(Z)÷W$I(I})
D(Z) --WLI *(WCI(Z)+WCI(I))
D(3) - WCI(1)*WSI(Z)-WCI(Z)*W$I{1)
ITMOOeINT(PURE$(11))
RUF•IO0.

IF(ITMOD*GE.4.AND.ITMOO.LE.6)RUF-IO00.
ITMR•ITMOD
SHKS • .I*PURES(IZ|
HKST'.l*ABS(PURE${13))

35 DO 36 J'lp3
36 AC(I_J)- O.

ALIV • O.
SINAI • O.
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COSAI " I.
FNI " O.

J'l
37 C$AIP " COSG(Z._ALFA(J)}

SNAIP - %ING(Z**ALFAIJ))
IF(J-JST-1)40,39p40

39 AC(2,1)" SINAI
AC{Z,Z)" -I.-COSAI
ACi2_3)" -1.

AC(3pI)" -SNAIP
AC(3,2)- 1.÷CSkIP
AC(3p3)- 1.
AC(4_I)- COSAI-CSAIR
AC(4p2)u $INAI-SNAIP
AC(4_3)- O°
ALI5 - ALIV

ALISP - ALFA{J)
GOTO 41

40 FIT - CSLG(HABGR*FNI-qO.JALIV)
FIIP- CSLGfHABGR_FNI-90.pALFA(J)|
PB-FNI*HABGR*BOGEN
ACil, 1).-FIIP*SNAIP÷FII*$INAI+(COSAI-CSAIP)*PB ÷AC(Z#I)
AC(1, Z}.-FII*(lo÷COSAI)÷FIIP*(1._CSAIP)+(EINAI-SNAIP)*PB÷AC{I_2|
AC{1,3)- FIIP- FII ÷ AC{I_3)

41 IF(J-JAB-1)42p43t43
42 ALIV mALFA(J!

$1NAI_SNAIP
COSAI_C$AIP

FNI • ANIIJ)
J'J÷l
GO TO 37

43 DO 47 J-lp2
IF(FLA(J)! 47p47p49

49 CALL DRAW(WCpWSjWLPDRAK(J)pDRAM(J)_FLA(J)pABGRpO)

AC(I_I)- WC+ AC(1,1)
IFiJ-Z)45,_4p45

_4 W$ J -_$

WL "- WL
45 AC(lJZ) - W$ ÷AC(1_2)

AC(1,3) --WL ÷AC(1,3)
47 CONTINUE

DO 5Z J-1_4
A(J} - O.
DO 52 1°1_3

52 A(J) - A(J)+Dil)*AC(JpI)
SOLUTION OF TRAN$CENOENTAL EQUATION

53 I'O
FV • 9°E9
PHISH - ._ *(ALI$÷ALISP)
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6O

6Z

65

CSLI - CSLG(PHISN, ALIS)

CSLIP- CSLG(PHISH, ALISP)

FPuA (1 ]+A( Z)*CSL I÷A(3 )*CSLI P+A( 4 )*BOGEN* (90. +PHISH)
IF(I.GE.20) GO TO 6&
IF(ABS(FP)-ABS(FV).LT.-.SE-9) GO
I=20

PHISH " PHISH - POIF
GO TO 60

POIF • -FP / (A(2)IIPHISH-ALIS) ÷
I = I+l
FV=FP

PHISH • PHISH + POIF

TO 62

A(3)/(PHISH-ALISP))

IF(PHISH.LT.ALIS.AND.PHISH.GT.ALISP) GO TO 60
WRITE(IDRUP6¢)HERJITMQD

66 FORHAT (66HOTRANSCENOENTAL EQUATION HAS OIVERGED. CHECK TRA1ANO
eTRAZ CAROS.,1ZH ITERATIONJIgs8H HODE _I1)

STOP
66 ANI(JST) • (PHISH÷90.)IHABGR
70 DO 71 I=1;3

71 FINT[I)=AC|I_I)+AC|gsI)*CSLI+AC(3_I)*CSLIP÷AC(_pI)*BOGEN*(PHISH+
FgO.)

69 HK(1)=(FINT(1)*WLI-FINT[3)*WCI{Z))ID(2)

HK(Z)'(FZNT(1)*WLI+FINT(3)*WCI(1))/D(2)
HK$ • HK(1)+HK(2)

IF(ITMOD.EQ.O.OR.ABS(HKS-SHKS).LT.HKST] GO TO 76
IF(HAGAH.LT.Z.ANO.HAGAN-HER.NE.1) GO TO 100
GO TO 76

74 ITHO0 =0

IF(HAGAH°EQ.O) GO TO 300
76 NZTuNZpZ(ZIJA8+6)

WRITE(IDRU_77]NZT_NUPROpNEReITNR

77 FORHAT (AZs62HTRANSCENOENTAL EQUATION RESULTS AIRFOIL _I6p

*IZH ITERATION_IZ_EH MODE ,I1)
NZT=NZPZ(1;O)

WRITEIIDRU_78]NZT

78 FORMAT (AlpbqH NU ALPHA* OffiEGA t OMEGA K HU K H
* LAHBOA LAHBDA*)

JHm 1

DO 85 JN'lpJAB
79 NZT=NZPZ(E;O)

IF(JN.NE,I°AND.JN°NE°JAB) GO TO 83
Xl • .5.(1.÷ COSG(FLA(JHI*ABGR))

WHK • (I°÷ORAK(JH)*(1.-Xl)FXl)**(-DRAfl(JH))
MSTR• ORAHIJHI*DRAK(JH)/X1

MRITE(IDRU_82)NZTpANI(JN)pALFA(JN)pWSTR_WHKeDRAK(JH)_DRAH(JH)_HK(j
1H)_FLA[JH);FLS(JH)

BE FORMAT (AI_Fb.Z_FB°Z_FB.3eFT°3s3FB°3_F8.Z_FT.Z)
JH=Z
GO TO 85
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83 WRITE(IDRU_SZ)NZTp&NI(JN)_&LFA(JN)
85 CONTINUE

IF(ITHOD.EQ,O) GO TO 300
100 IF(MER)IO3_IOZeZ03
102 DAL =o1

GO TO 10,
103 IF(HKS-HKSV.EQ.O.)GO TO 74

DAL - ($HK$-HKS)eD&LI(HKS-HKSV)
DALD-D&L
IF(ITP,EQ,O]DAL=RUND(DAL_RUF)
IF(_AGAH.EQ.O0)GO TO 100_

NZT'NZPZ(ZPO)
WRITE(IDRU_IOO3)NZTpMERpHKSpDALOpDAL

1003 FORMAT (AZelOH ITERATION_IZ_3XsSHK S =_Fqobp3XpTHDELTA =pF1Z.Bp

s3X_gHROUNOED -_F6oZ)
1004 ZF(DAL.EQ00,)GO TO 7_

ZF(MERoGEo3oANDoAB$(DALVI.LE.ABS(DAL))GO TO 76

ZOk DALV-DAL
IF(IT_ODoGEo_)GO TO 113

DO 111 J-1pJAB
IF(ITMOD.NE.Z.&MD.JoLE.JST) ALFA(J)=ALFA(J)÷D&L
IF(ZTMOD.NE.ZoAND.J.GT.JST) ALFA(J):ALFA(J)-D&L

111CONTZNUE
GO TO 11Z

113 IF(ITMOD.GE07]GO TO 114
IF(ITMOD.NEoS)DRAK(I)-DRAK(I)+DkL
IF(ZT_ODoNEo6)DRkKIZ)=DRkK(Z)*DAL

GO TQ lie
11_ ZF(ZTMOD.NEoB)ALFA|JST)-&LF&IJST)÷DAL

IF(;TMOD.NE.7)ALFA(JST+I)-&LFA(JST+I)-DAL

112 HKSVoHKS
_ER =MER*I

GOTO 35
300 kK- .5*(COSG(PHISH-&LFAiJSTeZ))I$ING(PHISH-ALFA(JST*I))

1 -COSG(PHISH-ALFA(JST))ISZNGiPH|$H-ALFA(JST)))
AKP .AK_180.19.86960_

PHIM = O.
NU=I
1- 1

ANU sO.
JH=O

VI- O.
302 JH'JH+I

FF1 • COSG(kBGR*FLA(JH))

FFZ - DRAK(JH)I(Z.÷FF1)
FG1 o COSG(kBGRtFLS(JH))

FG3 - .bI(FGI-1.)
304 V|= VZ - CSLG(PHZN-90.p ALFA(Z))

GO TO 310
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310

31Z

31_

320

324

326

1

i

328
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ARGN = ANU
IF(ANU.GT..5_ ABSZ)ARGN= ABSZ - ANU

CSP = CQSG(ARGNeABGR)
F-O.
IF(ARGN.LT.FLA(JH)IFeORAM(JH)eALOGI(CSP-FFZ)eFF2+Z.)

GoO.
IF(ARGN.LT.FL$(JH))G--HK(JH)eALOG(1.-((CSP-FG1)eFG3)*_Z)
P(NU)= F+G+CSLG(ANU*HABGR-90. pALFA(I)) ÷ VI
PI(NU)-P(NU)-AKeABS($ING((ANUeMABGR - 90.) - PHISH))

NU = NU + 1

ANU" ANU+ 1.
IFiANU-ANI(1))306,306p312

IF(ANU- ABSZ)31_p320P320
PHIM • ANIiI]_HABGR "

VI=VI+CSLGiPHIM-9OotALFA(1))
I • I+l

IF(I-1-JST)30_P302,304

PS=O.
B2-O.

00 326 I=lpNKR
PS=P$+P[I)
BI • Z*lI-1)
B2 • B2 + SING(BI_ABGR)*P(I!
Vl • Zo_EXP(PSIABSZ)

SXI " ,00000000

SY-O.
00328 N=IpNQ
O=O.

00326 M'I, IB

MN • N + I + MQ - Z_M

MM • Z_N - MN

IF(RN.GT.NKR) MN - MN - NKR
IF(MM.LT.I) MM • MM + NKR

O • Q+ FKERN(M)e(PI(MN)-PI(MM))
ANU- N-1

ZP • ANU_HABGR - 90.
ZL • COSG(ZP - PHISH)

ZL = ASS([1,-ZL)/(1.+ZL))
IF(ZLoNE,O=IZLuALOGiZL)
&RG(N) = 0 - AKP_SINGIZP-PHISH)_ZL + ZP

VF(N) • VI*EXP(-P(N))
WV • COSG(ZP)IVF(N)
XP(N)= WVOSING(ARG(N))

YP(N)=-WV_COSG(ARG(H))

5Xl= SXl÷ XP(N)
SY • SY + YP(N)

SX " SXI
XPK " SX/(kSSZ -- 1.)

YPK • SYI(ABSZ -l.)
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DO 329 N-ZpNKR

XP(N)sXP(N)-XPK
329 YP{N).YP(N)-YPK

CALL CINT(XPeXpNQ_IZZ)
CALL CINT(YP,Y_NQPIZZ)
RQV • O.
DO 330 Nm2pNKR

ROeX(N)tX(N)+Y(N)*Y(N)
IF(RO°GT°RQV)LsN

330 RQV = RQ
D0 327 I • 1,3

IEPPL • L-2÷1
327 _(T)=SQPT(X(IEPPL)*X(IEPPL)+Y(IEPPL)*Y(ZEPPL))

333 TAU • (R(3)-R(1))/(4.*(R(2)+R(2)-Ril)-R(3)))
XNAS • X(L)+TAUtiX(L+I)-X(L-1),Zo_TAU_(X(L+I)+X(L-1)-X(L)-X(L)))
YNAS - y(L|+TAU*(Y[L+I)-Y(L-1)+Z.tTAU*(Y(L+I)+Y(L-1)-Y(L)-Y(L)))

SO • XNAStXNAS + YNASeYNA$
AT"XNA$1SQ

Bs YNA$/$O
STREF - lolSQRT($Q)
ETA • ABSZ*STREFIPI
CM • .SeETASSTREFeB2

DARG • 19,098_q S[3o_YNA$1XNA$ -- (YNASIXNA$)e_3)
IF(ABS(SX)÷ABS(SYi.LTo.OOOI_ABSZ) GO TO 335

$X•STREFeSX*200.
SY-STREFeSY_ZO0,

NZT•NZPZ(ZpO)
WRITE (IDRUp33¢) NZTeSXpSY

33¢ FORffiAT (AZ_I¢HWARNING - $X spFb,3/3Xe_HSY -_F6,3)

335 D0 331 N=ZeNO
XR=X(N)

X(N)" 1.-B*Y(N)-ATeXR
Y(N)= BIXR -AT_Y(N)
ARG(N) • ARG(N) - DARG
WQ • (XP(N)+XP(N-Z)-XPK-XPK)ee2 • (YP(N)•YP(N-1)-YPK-YPK)e_2

331 DS(N-1) - STREFeSQRTiWO)e(1,+.bbb6667_((XP(N)eYP(N-1)
1-XP(N-1)tYP(N))IMQ)_2)

NHKW-NOI12
DLT - Y(NHKW)I(BOGEN_(I,-X(NHK_)))

DLTU--Y(NJ'K_)I(8_SEY*[I.-X(_H_)))

X(1) = 1.
33Z ARG(1) • ARG(1) - DARG
3_6 ITP•I

ALN=DARG

TF(PURES(13).GE.O.)GO TO 11

PURE$(1ZI-IO._HKS
PURE$(13)=,O0001

11 RETURN
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END

SUBROUTINE CINT(P_Z, NQtIZZ)
DIMENSION P(NQ)_Z(NO)
FCINT=O.
IF(IZZ,NE.O) FCINT=.O8333333333
ZIZ)=O°

PVVoP(NO-1)
PV=P(1)

PL'P(2)
DO 10 N-2, NQ

NZ-N+Z-(NQ-Z)*(NINQ)
PZ=P(NZ)
Z(N)=Z(N-1)+PLePV÷(PL+PV-PZ-PVV)OFCINT
PVVaPV

PVePL
10 PL=PZ

RETURN

END

SUBROUTINE QIP(X,Y;A)
DIMENSION X(3)pY(3)pA(3)
Cl - (Y(2)-Y(1))I(X(Z)-X(1))
A(3)-(Y(3)-Y(1)-CIO(X(3)-X(1))I/((X(3)-X(1))*(X(E)-X(1)))

A(1)=Y(1)-CltX(1)÷A(3)_X(1)*X(2)

A(2)-C1-A(3)*(X(1)+X(2))
RETURN

END

SUBROUTINE OIA(XpY_NPpO)

DIMENSION U(3I_V(3)_W(3I_Z(3I_A(3)_B(3IpX(1Z1)_Y(1Z1)

D,O,

XV-X(1)

00 4 N'2pNP
NR • NP-I

XS=X(N)

1 IF(X(NR)-XS)3_ZwZ

2 NR u NR - 1

GO TO 1
3 IF(NR-N.LE.3)GO TO 5

DNN=Y(N)-Y(NR)-(Y(NRel)-Y(NR))O(X(N)-X(NR))/(X(NR+I)-XiNR))
IF(DNN.LE.D)GO TO 4
NMuN
NRMmNR

O=ONN
4 XV'XS

5 TA'I.
YF-Oo

IIT'O

? IIT'IIT*I

IF(IIT.GT,8)GO TO 11
DO 6 l'ls3
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ND-NM+2-I

NU"NRM-2÷I
U(I)sTA*(X(NO)÷YF*Y(NO))
V(I)sTA*(Y(NO)-YF*X(NO))

W{I)uTA*(X(NU)_YF*Y(NU))
6 Z(I),TA*(Y(NU)-YF*X(NU})

CALL QIP(UpVPA)
CALL OIPIWPZ_B)
IF(ABS(A(3)-B(3)).LT..O001) GO TO

XST - (B(Z)-A(2))_.51(A(3)=B(3))
YS - A(2)÷Z,eA(3)*XST
IF(XST.GE.U(1).AND.XST.LE.U(3))GO

IF(XST,GT.U(3))NR=NM-1
IF(XST°LToU(1))Nn=NM÷Z
GO TO 7

ZI IF(XST.GE.W(1).ANDeXSToLEoW(3))GD

IF(XST.GT.W(3))NRMmNRM+I
IF(XST.LToW(1))NRM-NRM-1

GC TG T

22 IF(ABS(YS)-.OOOIIg_Bp8

8 YF-YF+YSITA

TA-I./SQRT(I.÷YF*YF)

GO TD 7

11

TO Zl

TO 2Z

D • AI1)-B(1)÷{A(Z)-B(Z)÷(A(3)-B(3))*XST)eXST

11 RETURN

END
SUBROUTINE DIAGR[ISTIFTpISTIM_ENV)

CDMM_NIBRALIDLT_OLTUpALN_ALV(14)sNAL_ITP_NAMP(ZZ)pCML(16)pCRL(l_)

1 ,CPV(2)pALTX(4p2I_DARFpITITI_ITIT2

COMMON Pl(1ZI)pP(IZ1)eXP(121)_YP(IZ1)_PUFF(l_)_AGAM(14)pX(lZl)p
1Y ( 1Z1 ) _ DS ( 1ZZ ) • VF ( 121 ) p ARG ( 121 ), ANI ( 28 ), ALFA (29) p I ZZp KFU_ NO_ NUPRO

EXTERNAL TRUEp YG%p YG5

LOGICAL PLpTRUEpYG%pYG5
DATA RZEPALMIN,ALMAXI177.8p-5._15.I
PL-ISTIFT.GE.5
IF(ISTIMoGE,Z)GO TO 10
XMX'O,

IF(MENV.EO,1IGO TO 6
IF(PUFF(1).NE.O.)RZE-IOO**PUFF(1)
QUER-Z.3_RZE

HOCH-1.SeRZE
CALL DEFINE(PLpQUERpHOCH_-.Z_I°lp'°Z_I,3)

GO TO 10
4 ALMI-O,

ALMAsO,
IF(PUFF(1).NE.O.)ALMINsPUFF(t)

IF(PUFF(Z).NE.O.)ALMAXsPUFF(Z)
HOCH-IO.eiALMAX--ALMIN)

CALL DEFINEIPL_Z6O._HOCH_-,3_4.3_ALMIN_AL_AX)
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10 DO 348 _=ZsNAL
VMX'Oo

00 369 Nel_NQ
V'.5*A8S(VPR(NpH))

VQ'V*V
IF(VMX.LT. VQ)VMX=VQ
IF(XMX°LT°V)XHX'V

349 P(N)=V
IF|HENV.NE.I)CALL POLZUG(ISTIFTpXeP_NCp. TRUE.,YG4)

348 PI(N)-4**V_X-1.

IF(MENV.EQ,I)GO TO ZO
DO 350 I'IpNQ

350 P(I)-Y(I)÷.Z
CALL $MOOTH(ISTIFTjXpPpXP,NQnTRUE)
GO T_ 30

ZO CALL POLZUG(ISTZFTpPlpALV_NAL_,TRUE°JTRUE)
ALHI=AMINI(ALMIsALV(1))

ALMA-AMAXI(AL_A_ALV(NAL))
30 IF(ISTIM.EQ°I.0R.ISTIM°GE.31RETURN

IF(MENV.EQ.I)GO TO 40
XMX-AMINl(XMX_l.25)
CALL ACHS(Z_O.P-.OI_°.OZpO.jXMX,.OSj.ZStYGS)

CALL ACHS(lpO,_-.OI_-.OZ_O._I,P.lp.SpTRUE)
GO TO 50

40 CALL ACHS(ZJO,p-.Zp-.5_O.p4.e.Z,.SgTRUE)

CALL ACHSIZ_O.e-.O49-.l_ALNIwALMApI.,5._TRUE)
50 CALL GCLOSE

RETURN
ENO

LOGICAL FUNCTION YG6(XjY)
A-X

YG4-Y.GE.oZ.AND.Y.LE.I.Z5
RETURN

END
LOGICAL FUNCTION YGS(XpY)
YGS=X.LT.-.OOOI.OR.AES(Y-.Z).GT°°OZ5

RETURN
END

SUBROUTINE PUDECK
CONMQN Pl(121)_P(121)pXP(ZZ1)_YP(121)pPUFF(16|_AGAN[16)pX(121)_

1Y(121)_O$(1ZZ)_VF(121)pARG(1Z1)pANX(Z8)eALFA(Z9)_IZZpKFUpNQpNUPRO,
ZJABeJSTpCMpETApABFAePZpBOGEN

COMnONIPRALIDLTeOLTUtALNpALV(14)_NAL_ITP_NA_P(12)tC_L(14)eCRL(14)

1 ,CPV(Z)_ALTX(4_Z)_OARF_ITITI,ITITZ
CO_HONIEAIILESeIDRU_ISTA_NNESE
DIHENS|ON INX(4)_INY(4)_INA[4)

EOUIVALENCE(P(1)_INX(1))_(P(5]_INY|I))e(F(9)_INA(1))
$TZ-IO0000.
IF(X(1)°GT.80.)STZ-IO00.
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124

DO 6 N=lpNQp6

NZE-HINO(k,NQ-N+E)
DO 4 H=E,NZE
L=N+M-1
INX(H)=INT(STZ*X(L)+SIGN(.SpX(L))) r
INY(M)-INT(STZ*Y(L)+SIGN(,SPYIL)))
ARGS-ARG(L)*BOGEN

IF(ITP.EQ.Z)ARGS-XP(L}
4 INA(M)-INT(IOOOO,eARGS÷SIGN(.SpARG$))
b WRITE(ISTA_B)iNARP(M)pMn3_T)pNe(INX(M)gINY(M)JINA'(M)PR=I*NZE)

8 FORMAT(SAleI3PlZIb]

RETURN
END
SUBROUTINE STRAAK(TE_RUApYB,MXZpISTIFT)
DIMENSION XA(Z)_YA(Z)
COMMON Pl(121)tP(1Z1)tXP(121)tYP(1Z1)pPUFF(14)tAGAM(16)pX(121)_

1Y(1Z1)pOS[1ZZ)pVF(121),ARG(XZ1)pANI(Ze)_ALFA(Zg)pIZZeKFUpNQ
COMMONIPLTMIMPL_NGCtXZEH,YZEH_MSPLI

EXTERNAL TRUE
LOGICAL TRUEPPL
DATA YV, YXAIIOOOO.tlO000.1

T " ABSKTE)
PL'ISTIFT.GE.5
YBL=AB$[YB)

QUER=T+10.

QRM=OUER-S,
HOCHgYBL
YMX • O,

YMN " O.

DO 2 I m I_NO
IF[Y(I).GT.YMX) YRX - Y(I)
IF(Y(I),LT,YRN) YRN " Y(I)

Z CONTINUE

IF(HGC)3pb93
3 IF[TE)Splb,8
5 CALL GCLOSE

ZF(T-Z.Ilbpbp6

b CALL DEFINE(PL_QUER_HOCHp-5.pQRMpOopHOCH)

YXA • 5o-T*YMN
MSTR=O

GO TO 10
8 YXA • YXA ÷ RUA

IF(YB,GT.O.) YXA • RUND(YV-T*YRN÷I,5*RUA_I.IRUA)

10 YV • YXA ÷ TeYRX
IF(YVoGE,YBL.AND.MSTR.NE,O}GO TO

_STR=I
DO 12 I=Z,NQ

PI(I) - T*X(I)
12 P(I) • TtY(I)÷YXA
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14

16

=;F7,4)
NZT=NZPZ(lJO)

MRITE(IORUp4)NZTp(Mp_-N,NZL)
4 FORMAT (AIP?(IZ_ZTH X(CM) Y(CM) ))

NZTsNZPZ(lpO)

IF(NZT,EQoNNESE)GD TO 1
Z=I+l

00 6 K " N,NZL
L s K-N+1

XOR(L) = X(I)*.I*ABS(T(K))
6 YOR(L) • Y[I)*.I*AB$(T(K))

WRITE(IORU, IO) NZT_(XOR(M)_YOR(M)pH-1,L)
10 FORMAT (A1,7(Fg. ZpF8.Z_ZX))

IF(I.LT.NQ) GOTO 5
8 CONTZNUE

RETURN
END

CALL SMOOTH(ZSTIFTtPl_P,XP_NQpTRUE)
IF(HXZI16p16p14

XA(Z) • T
XA(2) • O.
YA(1} • YXA
YA(Z) • YXA

CALL PQLZUG([STIFTpXApYApZp.TRUEopTRUE]
RETURN

ENO
SUBROUTINE 3TRDR (T_NT)

OINENSION XDR(8)p YOR(8),T(4Z)

COMMONIEAI ILE$# IORUe ISTAe NNESE

COMMON Pl( 1Z1)pP (1Z1 ]_ XP(1Z1) tYP(1ZZ)P PUFF (14) pAGAM(16) _X (121),
1Y(1Z1)pOS{ 12Z) eVF(1Z1)eARG(1Z1)_ ANZ( ZS)p ALFA[ Z(;) _ IZZ_KFU_ NQp NUPRO_
ZJA8_ JSTpCM_ ETAeABFA_ PI_,BOGEN_ DARG

EQUIVALENCE (XDR (1) J YP(lob) )p (YOR (1) sYP(116) )
DO 8 N • Z,NT,8

I = 0
NZL • N+7

IF (NZL.GT. NT)NZL •NT
NZT•NZPZ(3pO)

1 WRITE(IDRU_,Z)NZT_,NUPRO_,DARGJCM

2 FORMAT (AlsBHAIRFOZL ,I_ie.3XeSHALPHAO ,,eFS.2tSH DEGREESe3Xp
*SNCMO
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Panel between Pn and Pn+l

Shape: Cubic in q({)

Vorticity: Parabolic

Flow condition: Inner tangential velocity

equals zero at Pn and Pn+l

Figure 8.- Panel method.
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Figure i0.- Induced tangential velocity on panel.
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Figure Ii.- Sharp trailing edge.
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No flow singularity at PI or Pnq

Flow conditions: Inner tangential and inner normal
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Figure 12.- Blunt trailing edge.
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Figure 13.- Boundary-layer development; airfoil 1098, upper surface,

R = 1 x 106 . (U relative to zero-lift line.)
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Figure 14.- Lift-coefficient correction due to separation.

Subroutine GRP

Subroutine GRS Subroutine H12B

Subroutine UMP Subroutine GRUP Subroutine CDCF

Figure 15.- Block diagram of boundary-layer subroutines.
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